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ABSTRACT: Photocycloadditions are often typified by 
the oxetane forming Paternò-Büchi reaction. However, 
the mechanistic constraints of carbonyl excitation and 
olefin interception have limited this attractive oxetane 
forming pathway. Here we describe the use of a Cu(I) pre-
catalyst that achieves selective olefin activation via coor-
dination to the metal center. Significantly, this intermo-
lecular 2+2 carbonyl-olefin photocycloaddition engages 
alkyl ketones which are more challenging to accommo-
date via direct irradiation pathways. Mechanistic investi-
gations support the in situ formation of a Cu-norbornene 
resting state that undergoes a MLCT leading to oxetane 
formation.  

The photochemically allowed 2+2 cycloaddition of two 
p-components is a straightforward, atom-economical ap-
proach to 4-membered ring construction. The premier ex-
ample of such a reaction is the photocycloaddition of car-
bonyl and alkene p-bonds to form oxetanes, known as the 
Paternò-Büchi reaction (Scheme 1A).1,2

  Despite the name 
recognition of this reaction and the utility of oxetanes in 
drug discovery,3,4 its strategic application to the general 
synthesis of oxetanes has been mechanistically limited to 
specific substrate pairings because they proceed via direct 
carbonyl excitation or photosensitization followed by al-
kene interception.5,6 Consequently, the majority of reports 
feature aryl ketones or aldehydes paired with electron-
rich alkenes,7-9 while examples of alkyl ketone substrates 
are more limited and rely on UVC irradiation and quartz 
reaction vessels, reducing their practicality and user 
friendliness.10 Catalyst controlled approaches have not 
been widely developed. 

The ability of d6 octahedral transition metal compounds 
to undergo metal to ligand charge transfer (MLCT) upon 
irradiation is the fundamental photophysical property that 
has propelled the burgeoning field of photoredox cataly-
sis.11

  The geometries, oxidation states, and relatively 
slow ligand exchange kinetics of these complexes were 
design features selected to promote MLCT and generate 

relatively long-lived excited states capable of intermolec-
ular electron or energy transfer.12

 Radical-type reactivity 
occurring at the highly conjugated ligands is uncommon 
although recent examples have emerged where the active 
species that undergoes excitation is a substrate-metal 
complex.13-16 We envisioned that inverting many of the 
properties that make Ru- or Ir-based photoredox catalysts 
successful could unlock the potential for new mechanistic 
pathways featuring MLCT and access new reactivity 
modes. 
Scheme 1. Selected Previous 2+2 Photocycloadditions. 

 
aSee ref. 2a. bSee ref. 17b. cSee ref. 22. 

Mackor and Kochi were among the first to report that 
catalytic copper(I) triflate significantly improved the effi-
ciency of simple alkene photodimerizations via excitation 
of an in situ formed Cu(I)-olefin complex (Scheme 1B).17-
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20 These examples required prolonged reaction times 
(~days) and high wattage (450 W) immersion well photo-
reactor setups to achieve even moderate reaction efficien-
cies. Salomon and co-workers initially proposed that ex-
citation of an in situ formed Cu(I)-olefin complex resulted 
in a charge transfer event between the metal center and 
the alkene ligand leading to cyclobutane formation.20 
Budzelaar and coworkers later computationally con-
firmed that the directionality of the charge transfer event 
is metal (Cu) to ligand (olefin) (MLCT).21 Analogously, 
the valence isomerization of norbornadiene to quadricy-
clane was reported using a range of pre-catalysts22a in-
cluding Cu(I)-halides22b,c and other Cu(I) compounds 
bearing neutral mono- and bi-dentate phosphines,22d-j 
mono-anionic oxoquinolinato22k and tris(pyrazolyl)bo-
rate22l chelates (Scheme 1C). Spectroscopic studies by 
Kutal and coworkers also confirmed that Cu(I) mediated 
norbornadiene to quadricyclane valence isomerization 
occurred by excitation of an in situ generated Cu-h2-nor-
bornadiene complex and proceeds via a MLCT.22l 

 

Table 1. 2+2 COPC Reaction conditions effects.a 

 

Entry Deviation from standard conditions Yield of 1a 

1 none 49%b 

2 No TpCu n.d. 

3 No lightc n.d. 

4 1 equiv norbornene 33%d 

5 CuOTf in place of TpCu 13%d 

6 CuOTf + KTp (10 mol % each)e 31% 
aYields determined via 1H-NMR of crude reaction mix-

tures using durene as an internal standard; a 55:45 diastere-
omeric ratio was determined via gas chromatography of the 
crude reaction mixture; OTf = triflate. b1H-NMR yield cal-
culated as the average over 3 independent trials, standard de-
viation >3% yield. cIn the absence of light, the reaction mix-
ture was heated to 43 °C to replicate the temperatures 
reached during irradiation. d36 h reaction time. e11% yield 
of norbornene dimers were also isolated. eCuOTf and KTp 
were mixed in diethyl ether for 20 min prior to addition of 
substrates and irradiation. 

 
We envisioned that with an appropriate supporting lig-

and, excitation of a Cu(I)-olefin compound in the pres-
ence of a carbonyl could form an oxetane – inverting the 
conventional 2+2 photocycloadditive oxetane forming 
pathway of the Paternò-Büchi reaction (Scheme 1D). By 

activation of a metal-olefin complex rather than direct ex-
citation of either substrate, this approach could alter the 
reactivity of the excited state and allow a more diverse 
range of carbonyls to participate in 2+2 carbonyl-olefin 
photocycloadditions (2+2 COPC). We selected tris(pyra-
zolyl)borate (Tp)23 for our investigations as we antici-
pated that the monoanionic state could mimic the elec-
tronic influences of the weakly coordinating triflate anion 
commonly used, and the tridentate facial coordination 
mode could simultaneously allow for olefin coordina-
tion24 and inhibit non-productive quenching via flatten-
ing.25-27 

Irradiation of a 1:3 mixture of methyl isobutyl ketone 
and norbornene in the presence of 10 mol % tris(pyra-
zolyl)borate copper(I) (TpCu)28 in diethyl ether with a 
100W Hg lamp for 12 h resulted in 49% yield of oxetane 
1 as a 55:45 mixture of diastereomers at C2 with exclu-
sive cis-exo disposition at the ring junction (Table 1, entry 
1). In the absence of TpCu or light, 1 was not detected 
(entries 2 and 3). The reaction efficiency decreased when 
an equimolar ratio of ketone and alkene were used, requir-
ing a longer 36 h reaction time to produce 1 in only 33% 
yield (entry 4). Using 10 mol % copper(I) triflate in place 
of TpCu resulted in only 13% yield of 1 and 11% yield 
of a mixture of norbornene dimers (entry 5). Notably, al-
kene dimers were not detected when TpCu was used. In 
lieu of using pre-formed TpCu, an equimolar mixture of 
copper(I) triflate and potassium tris(pyrazolyl)borate (10 
mol % each) was successful but produced 1 with dimin-
ished reaction efficiency (31 vs. 49% yield, entry 6 vs 1). 
Scheme 2. Aryl ketone dimerizationa 

 
aYields determined from 1H-NMR of crude reaction mix-

tures using durene as an internal standard. 

 
Aryl ketones, such as benzophenone, are prototypical 

carbonyls in Paternò-Büchi reactions. When subjected to 
our standard conditions, benzophenone with excess nor-
bornene resulted in benzopinacol formation in 42% yield 
without detection of the corresponding oxetane (Scheme 
2). A control experiment without added TpCu resulted in 
similar reaction efficiency and selectivity for ketone di-
merization. Selectivity for benzophenone dimerization in 
ethereal solvents rather than oxetane formation with nor-
bornene in benzene solutions has been previously re-
ported.2 We attribute the lack of background Paternò-
Büchi reactivity to the diethyl ether solvent used and the 
failure of aryl ketones to produce oxetanes in our study to 
the inability of the Cu-mediated pathway to outcompete 
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ketone dimerization.29,30 Also, the excitation of alkyl ke-
tones generally requires the use of quartz reaction vessels 
to ensure adequate transmission however, we exclusively 
used borosilicate reaction vessels in our study which sig-
nificantly block light at wavelengths shorter than 280 nm 
(see Fig. 1). This suggests that the traditional Paternò-
Büchi mechanism of direct carbonyl excitation is not op-
erative in this 2+2 COPC and highlights the opportunities 
that become available when a suitable catalyst is used. 
Scheme 3. 2+2 COPC Scope of alkyl carbonyls.a 

  

 
aYields determined by 1H-NMR of crude reaction mix-

tures using durene as an internal standard; diastereomeric ra-
tios were determined via 1H-NMR of the crude reaction mix-
tures with the structure of the major diastereomer shown; see 
the SI for additional details. bIsolated yields following puri-
fication via silica gel chromatography. 

 
Next, a variety of alkyl ketones were investigated using 

these Cu-catalyzed 2+2 COPC conditions (Scheme 3). Ir-
radiation of acetone, a common organic photosensitizer, 
reacted to form oxetane 2 in 51% yield. 5-Hexen-2-one 
which contains a terminal alkene was smoothly converted 
to 3 in 45% yield as a 55:45 mixture of diastereomers at 
C2. No intra- or intermolecular reactivity was observed 
as a result of the a-olefin. The absence of reactivity for 
other alkenes in this 2+2 COPC suggests that norbornene 
interaction with TpCu is preferred and is the source of 
observed reactivity.31 Cyclic ketones proved to be out-
standing carbonyl substrates, generating oxetanes 4-10 in 
good to excellent yields and in each case, exclusively as 
the cis-exo diastereomers. These examples showcase the 

tolerance of acid sensitive acetal (7), ether (8), basic ter-
tiary amine (9), and thio-ether (10) functionality during 
2+2 COPC. 

To interrogate the mechanism by which this Cu-cata-
lyzed 2+2 COPC occurs, we carried out a series of spec-
troscopic studies. We collected the electronic absorption 
spectra of diethyl ether solutions of TpCu (green line, 
Figure 1) and an equimolar mixture of TpCu and methyl 
isobutyl ketone (gold line). Both spectra are nearly iden-
tical and lack any distinct absorption features 200 – 400  
nm. Conversely, an ethereal solution of TpCu and nor-
bornene (1:1 molar ratio, pink line) has a broad absorption 
feature with a maximum at 272 nm, suggesting the for-
mation of a new species in solution. A 1:1:1 mixture of 
TpCu, norbornene, and methyl isobutyl ketone (orange 
line) displays the same absorption features as without 
added ketone, suggesting that this new species is the rest-
ing state species. 
 

 

Figure 1. Electronic absorption spectra. All samples were 
collected at 0.5 mM in diethyl ether and as equimolar mix-
tures of the compounds indicated with each component be-
ing 0.5 mM. The transmission spectrum of the reaction ves-
sels used in this study is overlaid for reference (right vertical 
axis). 

The borosilicate reaction vessels used, transmit very lit-
tle light <280 nm indicating that oxetane formation is the 
result of absorption >280 nm (see Figure 1). Oxetane 1 
was detected in only 60% conversion after 12 h of irradi-
ation when a long pass 300 nm cut-on filter was applied 
compared to >98% conversion without the filter. Trans-
mission through the cut-on filter ranges from <1% below 
295 nm to >22% above 300 nm. The correlation between 
the decreased amount of light that reaches the reaction 
mixture between 280-300 nm and the decreased conver-
sion to 1 suggests that oxetane forming excitation occurs 
in this region. 
In agreement with the electronic absorption data, a mix-
ture of TpCu and methyl isobutyl ketone does not result 
in the appearance of a new compound as determined by 
1H-NMR (Figure 2, spectrum C). However, in the 
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presence (spectrum A) or absence of methyl isobutyl ke-
tone (spectrum B), mixtures of TpCu and norbornene re-
sulted in the formation of a Cu-olefin compound as evi-
denced by the downfield chemical shift change from 7.10 
to 7.43 ppm of the proton at the C5 pyrazole position and 
a broadening of the signals corresponding to norbornene 
(comparing spectra D to B and A). The 1H-NMR spec-
trum of a 1:10:30 ratio of TpCu, methyl isobutyl ketone, 
and norbornene showed the same characteristic C5 pyra-
zole proton chemical shift that was observed from stoi-
chiometric mixing of TpCu and norbornene, suggesting 
that TpCu(Norb) is formed under the reaction conditions 
and is the resting state species. 

  

Figure 2. 1H-NMR spectra of reaction components. All sam-
ples were prepared in benzene-d6. A shows 1:10:30 mixture 
of TpCu:methyl isobutyl ketone: norbornene (0.11M with 
respect to ketone). B shows TpCu(Norb) (0.11M). C shows 
a 1:1 mixture of TpCu and methyl isobutyl ketone (0.11M in 
each component). D shows TpCu (0.11M). E shows nor-
bornene (0.11 mM). F shows methyl isobutyl ketone 
(0.11M). 

 
In alignment with the previously reported mechanisms 

of Cu-mediated alkene photodimerization,18-21 valence 
isomerization,22 and our collected data we propose that 
Cu-catalyzed 2+2 COPC proceeds via initial olefin coor-
dination to TpCu to form TpCu(Norb) (Scheme 4). Ex-
citation 280-300 nm results in MLCT to generate a Cu(II) 
metal center and an alkene radical anion. Trapping of this 
polarized intermediate by the carbonyl unit of the alkyl 
ketone can result in oxetane formation.32 Luminescence 
data collected by excitation 280-300 nm did not exhibit a 
relationship between the concentration of additional nor-
bornene or methyl isobutyl ketone in the presence of 
TpCu(Norb).33 The absence of an observed quenching 
relationship does not definitively exclude the possibility 
that an additional sensitization process may contribute to 
oxetane formation. The spin state of 2+2 

photocycloadditions is commonly inferred based on the 
stereochemistry of the products detected.34,35 However, 
the use of norbornene in our present work precludes an 
analogous interpretation because geometric constraints 
would result in identical products irrespective of spin 
state. 
Scheme 4. Mechanistic proposal. 

 
 

In conclusion, we have developed a Cu-catalyzed 2+2 
carbonyl-olefin photocycloaddition of alkyl ketones and 
norbornene that accesses the corresponding oxetanes via 
a mechanistically distinct pathway from conventional 
Paternò-Büchi reactions. Our approach allows for tradi-
tionally more challenging alkyl ketones to engage in 4-
membered ring formation because direct carbonyl excita-
tion is avoided. Mechanistic investigations support that in 
situ formed TpCu(Norb) is the photoactive species that 
upon excitation leads to oxetane formation. This intermo-
lecular 2+2 COPC process disrupts the traditional 
Paternò-Büchi oxetane forming mechanistic paradigm 
and was achieved using a MLCT approach enabled 
through alkene substrate coordination. Additional exam-
ples of substrate dependent MLCT catalysis for use in 
chemical synthesis are under active investigation in our 
laboratory and will be disclosed in due course. 
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