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ABSTRACT:  The catalytic ring-closing carbonyl-olefin 
metathesis (RCCOM) of O-allyl salicylaldehydes to form 
2H-chromenes is described.  The method utilizes a [2.2.1]-
bicyclic hydrazine catalyst and operates via a [3+2]/retro-
[3+2] metathesis manifold.  The nature of the allyl 
substitution pattern was found to be crucial, with sterically 
demanding groups such as adamantylidene or diethylidene 
offering optimal outcomes.  A survey of substrate scope is 
shown along with a discussion of mechanism supported by 
DFT calculations.  Steric pressure arising from syn-pentane 
minimization of the diethylidene moiety is proposed to 
facilitate cycloreversion.

Keywords: Carbonyl-olefin metathesis • hydrazines • chromenes • 
cycloaddition • cycloreversion

The 2H-chromene architecture and its derivatives are 
common motifs in biologically relevant molecules,1,2 including 
for example the antiviral compound BW683C (1),3 the pesticide 
hildgardtene (2),4 and the antidiabetic compound 3 (Figure 
1A).5 Accordingly, many synthetic strategies have been devised 
to access 2H-chromenes 7,6 and the development of novel 
strategies remains a valuable undertaking. One conceptually 
attractive approach to 2H-chromene synthesis is via ring-
closing double-bond metathesis,7,8 particularly because such 
strategies can capitalize on the widespread availability of 
salicylaldehydes 49 and the trivial nature of their conversion to 
allyl ethers 5 (Figure 1B).10 Most notably, Grubbs has reported 
the use of olefin metathesis to convert dienes to the 
corresponding 2H-chromenes.7 However, a drawback to this 
approach is that it requires an additional step to convert the 
aldehyde moiety of 5 into an alkene, which thus incurs the costs 
of additional time, waste, and potential substrate 
incompatibility. A more desirable strategy would be to convert 
aldehydes 5 directly into chromenes 7 via catalytic ring-closing 
carbonyl-olefin metathesis (RCCOM). Unfortunately, 
carbonyl-olefin metathesis (COM) technologies remain 
relatively underdeveloped, and only in recent years have the 
first catalytic strategies been reported.11-13 Indeed, the first 
catalytic RCCOM reactions were described by Schindler in 
2016 using Lewis acid catalysis,14 while others have 
subsequently shown that a variety of Lewis15 and Brønsted 
acids16 can catalyze such reactions with certain substrates. 
While these works have greatly expanded the scope of 
carbonyl-olefin metathesis, acid catalysis is not compatible 

with all substrates and COM modalities. In fact, during the 
course of this work, we have found that the attempted use of 
acids to achieve the RCCOM of O-allyl salicylaldehydes 5 was 
unproductive and resulted primarily in deallylation reactions 
(vide infra). Thus, alternative strategies are required if this and 
other COM reactions are to be fully realized.  
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Figure 1. (A) Bioactive 2H-chromenes. (B) Conversion of 
salicylaldehydes to chromenes. (B) Hydrazine-catalyzed carbonyl-
olefin metathesis.  

In 2012 we described a novel approach to carbonyl-olefin 
metathesis that employed hydrazine catalysts and proceeded via 
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a thermally-allowed [3+2] cycloaddition / cycloreversion 
sequence (Figure 1C).11 Using this strategy, we developed a 
catalytic ring-opening carbonyl-olefin metathesis (ROCOM) of 
cyclopropenes.  That chemistry was greatly facilitated by the 
release of ring strain during both the cycloaddition and 
cycloreversion events,17 and it was thus unclear whether the 
strategy could be extended to realize the RCCOM of O-
allylsalicylaldehydes 5 to form 2H-chromenes 7. 

Table 1. Allyl group screen.a

O R1 R2

O
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a Conditions: substrate 9 (0.2 mmol) and catalyst 8•(TFA)2  (10 mol %) 
in 1.0 mL of solvent in a 5 mL sealed tube were heated to 140 C for 
12 h.  Conversions and yields were determined by 1H NMR using 
CH2Br2 as an internal standard. 

To investigate this possibility, we began by examining the 
reaction of a series of O-allyl salicylaldehydes 9, in which the 
substitution of the alkylidene fragment was varied (Table 1). 
For this screen, we used 10 mol% [2.2.1]-bicyclic hydrazine 
8•(TFA)2 as the catalyst,18 with acetonitrile solvent heated to 
140 ºC in a sealed vial for 12 h. The main products observed in 
these reactions included the desired 2H-chromene 10 and 
salicylaldehyde (not shown) resulting from deallylation. The 
ketone products 11 were not isolated. In varying the allyl 
fragment, we found that an allyl group itself (9a) led to little 
conversion and no desired product (entry 1). Cinnamyl (9b) and 
3,3-diphenylallyl (9c) groups were similarly unproductive 
(entries 2 and 3).  On the other hand, the use of a prenyl group 
(9d) led to appreciable consumption of starting material, albeit 
with only 13% yield of the desired chromene 10 (entry 4). A 
cyclohexylidene ethyl ether (9e) resulted in a notable 
improvement in consumption of starting material and in the 
generation of the desired product (entry 5), although the yield 
of 10 was limited by competing intramolecular ene reaction (see 

supporting information for details). Changing the ring size 
offered no improvements in this regard (9f, 9g, entries 6 and 7). 
More productively, the use of an adamantylidene ethyl ether 
(9h) resulted in reasonable yield (30%) in relation to the amount 
of starting material conversion (40%, entry 8). The most 
effective group proved to be 3,3-diethylallyl (9i, entry 9), which 
resulted in the highest yield of 10, with minimal amounts of 
starting material lost to deallylation. Extension to isopropyl 
groups was not beneficial however (9j, entry 10). The 
efficiency of the diethylallyl substrate is striking, particularly in 
comparison to the dimethyl (entry 4) and cyclohexylidene 
(entry 5) substrates. These results suggest that the ethyl groups 
play an important role in facilitating this catalytic process, and 
we propose a hypothesis for their impact in the mechanistic 
discussion section.

Next, we conducted an optimization study of the RCCOM of 
salicylaldehyde ether 9i in order to maximize the yield of 
chromene (10) and to minimize unwanted side products (Table 
2). First, a screen of solvents revealed that the reaction occurred 
in a variety of media (entries 1-4), but EtOH proved to be 
optimal in terms of conversion and formation of the desired 
product 10. At a lower temperature of 120 ºC, a lower 
conversion and product yield were obtained in the same 
reaction time (entry 5). Because it has been shown that certain 
substrates can undergo carbonyl-olefin metathesis reactions 
under Brønsted acid catalysis,16 we examined this reaction in 
the presence of TFA alone (entry 6). While we observed 100% 
conversion of starting material, no desired chromene 10 was 
obtained, demonstrating that the hydrazine plays a crucial role 
in the optimized process.  We also examined whether Lewis 
acid conditions14,15 would promote this reaction (entry 7). 
Again, no desired product was formed, and only deallylated 
salicylaldehyde was obtained.       

Table 2. Optimization studies.a

O
+
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7
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MeOH
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EtOH
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rt

65

49

100

100

85

100

100

48
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40
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47

0

0

(73)

sealed vial, 12 h

Et

Et Et Et

O

8• (TFA)2

8• (TFA)2

8• (TFA)2

8• (TFA)2

8• (TFA)2

TFA

FeCl3

c

b

catalyst

a Conditions: substrate 9i (0.2 mmol) and 10 mol % catalyst in 1.0 mL 
of solvent in a 5 mL sealed tube were heated to the temperature 
indicated for 12 h. Conversions and yields were determined by 1H 
NMR using CH2Br2 as an internal standard. b Isolated yield; c 20 mol 
% TFA was used.

Before discussing our scope studies, we note that substrate 
synthesis is straightforward and scalable (Scheme 1). Thus, 3-
pentanone (11i) could be converted to ester 13 in 85% yield by 
Horner-Wadsworth-Emmons reaction. Reduction of 13 with 
DIBAL followed by treatment with PBr3 then furnished the 
allyl bromide 14 in 82% yield. Notably, this three-step 
procedure requires no chromatography and provides access to 
14 on preparative scale (24.7 g). Finally, reaction of 
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salicylaldehyde (15) with 14 in the presence of K2CO3 yielded 
the metathesis substrate 9i in 92% yield.

Scheme 1. Synthesis of metathesis substrate 9i.

Using the conditions defined in entry 4 of Table 2, we 
explored the substrate scope of this process (Table 3). In 
addition to the unsubstituted case 10 (entry 1), we found alkyl 
(18, entry 2), halogen (19-21, entries 3-5), and methoxy 
substitution (22, entry 6) at the 7-position of the chromene 
system to be well-tolerated. Substitution at the 6-position also 
proved possible, as alkyl (23 and 24, entries 7 and 8), halogen 
(25 and 26, entries 9 and 10), and trifluoromethoxy (27, entry 
11) substituted products were accessed in good to excellent 
yields. Electron-withdrawing groups in the form of a nitro or 
carbomethoxy substituent could also be accommodated (28 and 
29, entries 12 and 13), albeit in lower yields. Meanwhile, 
substitution of the 8-position with either a methyl or an allyl 
group proved possible (30 and 31, entries 14 and 15), 
demonstrating that encumbrance of the ether oxygen is not 
detrimental to reactivity and that the presence of a distal olefin 
is compatible with the reaction. Substitution next to both the 
ether and carbonyl functionalities was also tolerated (entry 16). 
Two RCCOM reactions on the same substrate was possible 
using increased catalyst loading (33, entry 17), and a fused 
aromatic ring system in the form of 3H-benzo[f]chromene (34) 
could also be generated with this method (entry 18). 

Although the standard conditions were less accommodating 
to substitution on the pyran ring, we found that slight 
modifications enabled productive reactions to occur. Thus, 
while 2-methyl chromene 35 was generated in only 18% yield 
with the standard procedure, switching to i-PrOH as solvent and 
the use of 20 mol% catalyst increased the yield to 75% (entry 
19).  Similarly, a low yield of less than 20% of 36 was improved 
to 45% yield with these same modifications (entry 20). On the 
other hand, the reaction of a ketone instead of an aldehyde-
containing substrate remained problematic (37, entry 21). We 
suspect that condensation of the hydrazine and/or cycloaddition 
is quite challenging with this substrate, and thus the design of 
catalysts with less steric demand may be necessary for this class 
of substrates.

Although the elevated reaction temperature for this method 
might raise questions about functional group compatibility, we 
note that the conditions are relatively mild. To illustrate this 
point, we conducted a functional group compatibility screen19 
as shown in Table 4, using the ROCOM reaction of 9i as our 
standard. We found that electron-rich alkyne and alkene 
functionality were well-tolerated (38 and 39, entries 1 and 2), 
as was a ketone (40, entry 3). Notably, a basic pyridine did not 
undergo decomposition and did not inhibit the reaction to any 
appreciable extent (41, entry 4). Potentially sensitive 

heterocycles including indole, benzofuran, and benzothiophene 
were innocuous in the reaction (42-44, entries 5-7). Similarly, 
an unprotected alcohol, carboxylic acid, and amide were 
unscathed in the reaction and offered no inhibition to the 
metathesis (45-47, entries 8-10). Two functionalities were 
found to not be unscathed: an unprotected aniline (48, entry 11) 
and an alkyl bromide (49, entry 12). Although the metathesis 
product 10 was still produced, the yield was diminished 
somewhat in both cases, and the additives were recovered in 
low yield. These last two examples notwithstanding, the 
functional group compatibility of this method appears to be 
reasonably broad.

Table 3. Substrate scope studies for hydrazine-catalyzed RCCOM of  
salicylaldehyde allylic ethers.a

 a Conditions: substrate (0.1 mmol) and catalyst 8•(TFA)2 (10 mol %) 
in 0.5 mL of ethanol were heated to 140 C in a 5 mL sealed tube for 
12 h.  Yields were determined on purified products. b 20 mol% catalyst 
used. c Isopropanol was used as solvent.

  A description of the catalytic cycle for this reaction is shown 
in Figure 2. Hydrazine catalyst 8•(TFA)2 condenses with 
aldehyde 9i to generate hydrazonium intermediate 50. 
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Intramolecular 1,3-dipolar cycloaddition between the 
hydrazonium moiety and the olefin then furnishes the 
pentacyclic intermediate 51a.  After proton migration between 
nitrogen atoms to generate 51b, cycloreversion reveals the 
chromene adduct 10 and hydrazonium 52. Finally, hydrolysis 
of 52 unveils 3-pentanone (11i) and returns the hydrazine 8 to 
the catalytic cycle.

Table 4. Functional group compatibility screen for hydrazine-
catalyzed ROCOM.a,b

 a Yields of 10 were determined by 1H NMR. b Values in parentheses 
refer to amount of recovered additive as determined by 1H NMR.

 

Figure 2. Mechanistic rationale for hydrazine 8-catalyzed RCCOM of 
O-allyl salicylaldehyde 9i.

To better understand the reaction pathway and to help 
rationalize the optimal performance of the diethyl allyl moiety, 
we conducted DFT calculations for each step of the presumed 
reaction pathway for substrate 9i (Figure 3). Condensation of 
catalyst 8•(TFA)2 with 9i to form hydrazonium 50 is mildly 
exergonic.  The energy barrier for cycloaddition (cf. 53) is 
modest at 19.8 kcal/mol, and indeed we have found this reaction 
proceeds, albeit slowly, at room temperature. A favorable 
proton migration event between the two nitrogens following the 
cycloaddition leads to 51b, which is overall 20.2 kcal/mol more 
stable than the cycloaddition precursor 50. As anticipated, the 
cycloreversion event (cf. 54) is the rate-determining step, with 
an energy barrier for the diethyl substrate 54i of 38.8 kcal/mol. 
Interestingly, while the transition state energies for the allyl 
(54a) and prenyl (54d) substrates were found to be higher (42.2 
and 40.4 kcal/mol respectively), the cyclohexylidene (54e) and 
adamantylidene (54h) substrates had significantly lower 

Figure 3. Calculated energies for hydrazine 8-catalyzed RCCOM of salicylaldehyde ether 9i.  Energies were calculated at the M06-2X/6-
311+G(d,p)/PCM(ethanol) level of theory.  All energies are given in kcal/mol.
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barriers (33.1 and 35.0 kcal/mol) than the diethyl substrate. The 
reason why the cyclohexylidene substrate is less effective is due 
to the competition of an intramolecular ene reaction (see 
supporting information for details). Both the adamantylidene 
and diethyl substrates offer high yields under the optimal 
conditions, which we believe is a combination of accessible 
cycloreversion activation energies and steric protection from 
deallylation of the starting material. Interestingly, the 
cycloreversion to generate 2H-chromene (10) is calculated to 
be slightly endergonic (+2.9 kcal/mol), as is the subsequent 
hydrolysis of hydrazonium 52 to form 3-pentanone (11i) and 
catalyst 8 (+1.9 kcal/mol). Overall, each catalyst turnover only 
becomes irreversible once the next cycloaddition has taken 
place, and thus the resting state of the catalyst is the cycloadduct 
51b. 

In further support of this analysis, we were able to prepare 
the cycloadduct 51b in 90% yield by combining an equimolar 
mixture of salicylaldehyde ether 9i and hydrazine 8•(TFA)2 in 
EtOH at 80 ºC (Scheme 2). The molecular structure of this 
cycloadduct obtained by X-ray crystallography confirms the 
expected stereochemistry.20 When this material was heated to 
140 ºC in EtOH for 2 h, 2H-chromene (10) was produced in 
75% isolated yield, thus confirming that the cycloadduct 51b is 
a viable intermediate for this catalytic procedure. We note that 
the gem-diethyl group of cycloadduct 51 adopts a classic syn-
pentane minimized conformation (blue arrow). We speculate 
that in doing so, this structural feature exerts a steric pressure 
(red arrows) that facilitates cycloreversion. Such steric pressure 
could rationalize the even greater impact of the adamantylidene 
group as well.

EtN
N

OHHH

51b
Et

O–F3C

O

syn
pentane

O

O Et

Et
EtOH, 80 ºC

90% yield

EtOH, 140 ºC

2 hO

75% yield

9i

10

• 2TFAN
H

NH

8

51b
X-ray

Scheme 2. Synthesis, X-ray structure, and cycloreversion of 
cycloadduct 51b. Atoms are shown with an ellipsoid probability of 
50%, and all hydrogen atoms except for the one bound to N1 have been 
omitted for clarity.

The current method offers an efficient new approach to 
synthesize 2H-chromenes from readily available 
salicylaldehyde ethers.  More broadly, this work advances the 
use of hydrazine catalysis for carbonyl-olefin metathesis to the 
context of ring-closing reactions. The optimal behavior of 
sterically demanding groups for these reactions provides 
important guidance for the pursuit of other RCCOM methods.
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