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1. Introduction 
1-1. Carbenium Ion 
・	 One of the most important reactive intermediate 

・	 Only in superacidic condition cation2 is stable 
for characterization (such as conc. H2SO4) 

・	 Proton transfer to a singlet carbene 1 is 
general rout to cation 2 

・	 The life time scale of cation 2 in general solvent is in order of picosecond 
1-2. History of Charactlization of 1 and 2 
・	 Methanol is efficient solvent for protonation of 1 (1963).a 
・	 Formation of 2 by protonation of 1 was confirmed by picosecond UV-vis absorption 

spectroscopy (1990).b 

・	 By femtosecond spectroscopy, in neat methanol, 2 is formed by protonation of 
singlet-1 (S-1) with a time constant of 9 ps. And 2 is reacted with surrounding 
methanol with a time constant of 31 ps (2002).c 

 1-3. Matrix Isolation Spectroscopy 
・	 Trapping the reactive chemical 

species with unreactive matrix, 
such as noble gases. 

・	 The mixture of noble gas and dilute 
sample are deposited on the 
windows cooled to below the 
melting point of the host gas. 

・	  These samples were used in 
various spectroscopic analyses.  
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Figure 1. Structure of the matrix isolation machine 
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1-4. Authors’ Previous Workd 

・	 Reaction of 1 with single molecule of methanol in argon matrices doped with 
0.5-1% of methanol was investigated by matrix isolation spectroscopy. 

・	 S-1 formed a very strong hydrogen bond with methanol, while T-1 is weak 
hydrogen bond acceptor. 

→  The spin ground state of 
carbene-methanol complex was 
shifted to singlet via spin-flip. 

・ Even in 3 K, this complex reacted to ether via quantum chemical tunneling. 
・ Expand the scope of solvent-induced spin-flip is necessary. 
2. Results and Discussion 
2-1. Reaction of 1 with Single Water Molecule 
・ T-1 is obtained by photolysis of diphenyldiazomethane matrix in argon doped with 
0.5-1% water at 3 K and T-1 is obtained by photolysis .   

・	 Then this matrix is annealed at 25 K, S-1 – water complex is generated.  
→ These species are characterized by IR spectrum and UV-vis absorption (Figure 2). 
・ 1327.8 cm-1 

→ asym. C-C-C str. vibration of the 
center (in agreement with DFT 
calculation and 13C labeling) 

→ Spin-flip is confirmed also in water  
 
 

・	 These findings are corroborated by DFT calculation in gas phase and by QM/MM 
level of theory in argon matrices.  

・	 In gas phase, the S-T gap of 1 is 3.3 kcal/mol. 
・	 In argon, the S-T gap of 1 is 1.5 kcal/mol. 
→ Suggest that stabilization by solvation  
・ The S-T gap of 1-water complex is inverted, 
singlet state is more stable than triplet by 1.6 
kcal/mol in the gas phase and even by 2.4 
kcal/mol in argon(Figure 3). 

Scheme 2. Reaction of 1 and methanol 

Figure 2. IR spectrum of the reaction between 1 and water 

Figure 3. S-T gap of 1 and 1-water complex 

K slowly reacts to ether 4, the formal product of the OH-
insertion, via quantum chemical tunneling (QMT).

To explore the scope of this solvent-induced spin-flip, we
investigated the reaction of 1 with water under similar
conditions. In addition, we generated 1 in amorphous water
ice at cryogenic temperatures. To our surprise, amorphous
water ice is not only able to protonate 1 at temperatures as low
as 3 K but also to kinetically stabilize the benzhydryl cation 2
and to suppress ion pair recombination. For the first time, a
highly electrophilic and extremely reactive secondary carbe-
nium ion can be isolated in a neutral, nucleophilic environment
avoiding superacidic media.

■ RESULTS AND DISCUSSIONS
Reaction of DPC with Single Water Molecules. Triplet

carbene T-1 is obtained by photolysis of diphenyldiazomethane
(DPDM) matrix isolated in argon doped with 0.5−1% water at
3 K. The IR spectrum of such a matrix shows the expected
absorptions of water and of triplet carbene T-1, while reaction
products are not observed. If such a matrix is annealed for
several minutes at 25 K, water is diffusing and can now interact
with the carbene. This results in the formation of a strongly
hydrogen-bonded complex between the singlet carbene S-1 and
one water molecule (Scheme 1, Figure 1). The IR bands of S-1

in the water complex are identical to that of the methanol
complex described previously.14 The strongest band of S-1 at
1327.8 cm−1 is assigned to the asym. C−C−C str. vibration of
the carbene center. On 13C labeling of the carbene center, this
band is red-shifted by −21.9 cm−1, in agreement with
predictions from DFT calculations (see Figure S5a).
The UV−vis spectra also show the formation of the singlet

carbene S-1 on annealing of a 1% water-doped argon matrix
containing the triplet carbene T-1 at 25 K: the characteristic
absorption of T-1 in the visible region (λmax = 457 nm) strongly
decreases in intensity, and a new UV band with λmax = 360 nm
appears simultaneously (Figure S6). This is in good agreement
with the observation of a transient band with λmax = 370 nm (in
acetonitrile or cyclohexane as solvent) assigned to S-1 by
Kohler et al. using femtosecond transient absorption spectros-
copy.7

These findings are corroborated by DFT calculations (BLYP-
D3/def2-TZVP) of 1 and the 1···H2O complexes in the gas

phase and in simulated argon matrices at the QM/MM level of
theory (BLYP-D3/def2-TZVP//CHARMM, Figure 2). In the

gas phase, the S-T gap of 1 is calculated to 2.8 kcal/mol (3.3
kcal/mol including ZPE correction) which is close to the 2.9
kcal/mol found in a single point CCSD(T)/cc-pVTZ
calculation at the same geometry. In argon, the S-T gap is
reduced to 1.5 kcal/mol (QM/MM) which reflects the stronger
stabilization of the highly polar S-1 by solvation with argon
compared to the unpolar T-1. The S-T gap is inverted by the
interaction of the carbene with a single water molecule, with the
singlet state predicted to be more stable than the triplet by 1.6
kcal/mol in the gas phase and even by 2.4 kcal/mol in argon.

Scheme 1. Reaction of Diphenylcarbene 1 with Water

Figure 1. IR spectra showing the formation of the complex S-1···H2O.
(a) T-1 in argon doped with 1% H2O at 3 K. (b) Difference IR
spectrum showing changes after annealing for 10 min at 25 K. Bands
pointing downward are disappearing and assigned to T-1 and H2O,
bands pointing upward are appearing and assigned to the complex S-
1···H2O. (c) Difference IR spectrum showing changes after 17 h at 3
K. Bands pointing downward are assigned to the complex S-1···H2O,
bands pointing upward are assigned to 3. (d) 3 matrix isolated in argon
at 3 K.

Figure 2. S-T gaps (kcal/mol) of 1 and its most stable complexes with
water computed at the BLYP-D3/def2-TZVP level of theory (singlet
energies in red, triplet energies in green, all energies including ZPE
correction). Values in blue correspond to the QM/MM (BLYP-D3/
def2-TZVP//CHARMM) simulations of the system in a box of argon
atoms. The red and green boxes represent the range of energies
calculated for different matrix sites obtained from several dynamic
snapshots.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja507894x | J. Am. Chem. Soc. XXXX, XXX, XXX−XXXB

Ph Ph
T-1

ISC
Ph Ph

S-1

+ MeOH

Ph Ph

OMe
H 3K

tunneling Ph

H

Ph

OMe

S-1-methanol
complex

spin-flip

hv/cm–1 

4 



・Complex S-1 – methanol is metastable and at 
temperature between 3-12 K rearranges with a     
rate of 5.8 ± 0.2 × 10-6 to 3 (independent of 
temperature) (Figure 4). 

→ Indicate tunneling reaction. 
・Activation barrier is 16.7 kcal/mol   
→ Significantly larger than methanol complex. 
・ In argon, the ion pair 2 and OH– is not obtained nor predicted by calculation.  
→ More polar medium stabilize this ion pair? ⇒ Water matrix.   
2-2. Reaction of 1 in Amorphous Water Ice 
・	 What is low density amorphous (LDA) water ice? 
→ ・ absence of long-range periodic structure 
   ・ Similar to liquid water formation than crystalline ice 
   ・ Ultraslow reorientation even at temperature of glass-liquid transition 
   ・ At 3 K, this motion is completely frozen. 
・	 Diphenyldiazomethane is sublimed and trap with water at 50 K. Then cooling to 3 K 

and LDA ice is formed.  

・	 Then photolysis with 530 nm is started 
and cation 2 was formed, and annealing 
above 40 K, 2 is disappeared alcohol 3 is 
formed. 

・	 In this process, singlet carbene S-1 is not 
detected. 

・	  These reactions are confirmed by 
UV-vis absorption (Figure 5). 

・ The IR spectrum of cation 2 in LDA ice 
nicely matches the calculated gas-phase 
spectrum of 2 (Figure 6).  

・	 Calculation among cation 2 and 
surrounding water is carried out.  

→ No hydrogen bonding is formed. 
→ The reason why real situation matches in 
gas-phase calculation.  

Figure 4. Intrinsic reaction coordinate 

Figure 5. UV-vis absorption in LDA ice 

Figure 6. IR spectrum in LDA ice 

The complex S-1···H2O is only metastable and at temper-
atures between 3 and 12 K rearranges with a rate of 5.8 ± 0.2 ×
10−6 to benzhydryl alcohol 3. In this temperature range, the
rearrangement is independent of temperature, which strongly
indicates a tunneling reaction. With D2O a kinetic isotope effect
(KIE) of 3 is observed. Compared to the methanol complex,14

the tunneling rate in the water complex is approximately 1
order of magnitude slower, and the KIE is significantly smaller
(KIE = 5 in the methanol complex). This is in accordance with
the calculations, which predict an activation barrier for the
rearrangement of the water complex of 16.7 kcal/mol (at the
BLYP-D3/def2-TZVP level, 14.1 kcal/mol when including ZPE
correction, 12.6 kcal/mol for single point CCSD(T)/cc-pVTZ
at the same geometry, Figure 3). This barrier is significantly

larger than that calculated for the methanol complex. The ion
pair 2···OH− is neither experimentally observed in the argon
matrix nor predicted by theory in the gas phase (Figure 3) to be
an intermediate in this rearrangement.
Reaction of DPC in Amorphous Water Ice. It was

tempting to use a more polar medium than argon in order to
stabilize the 2···OH− ion pair. We therefore studied the
reaction of 1 in low density amorphous (LDA) water ice.19

LDA ice is characterized by the absence of long-range periodic
structures, and its structure is more similar to liquid water than
to crystalline ice. However, while in liquid water hydrogen
bonds are exchanged on a ps time scale, LDA ice shows
ultraslow reorientation dynamics even at temperatures close to
the glass−liquid transition,20,21 and at 3 K all this motion is
expected to be completely frozen.
Diphenyldiazomethane (DPDM) was slowly sublimed and

trapped with a large excess of water on a spectroscopic window
at 50 K. The LDA ice matrix formed was subsequently cooled
to 3 K and photolyzed with visible light (530 nm). During the
photolysis, the ice matrix turned intense yellow due to a strong
absorption with a maximum at 435 nm. Band position and
shape of this band are identical to that reported for the

benzhydryl cation 2 (Figure 4).7,8,11,22,23 The 435 nm
absorption is persistent at low temperature and only at

annealing above 40 K slowly disappears. The singlet carbene
S-1 is not observed under these conditions, and the EPR
spectrum shows only trace amounts of triplet carbene T-1 (see
Figure S11).
The IR spectrum of cation 2 in LDA ice nicely matches the

calculated gas-phase spectrum of 2 (Figure 5). The line-

broadening in the experimental spectrum is attributed to the
inhomogeneity of the matrix cages in LDA ice. To confirm the
assignment of the IR bands of 2, we also generated 13C-2 with a
13C-labeled cationic center. A strong band at 1522 cm−1

exhibits a large 13C isotopic shift of −17.5 cm−1 and is assigned
to the asymmetric C−C−C stretching vibration across the
cationic center. The other absorptions show only small 13C
isotopic shifts as predicted by the BLYP-D3 calculations. In
D2O LDA ice, the deuterium transfer to the singlet carbene S-1
results in the formation of the deuterated carbenium ion d1-2.

Figure 3. Intrinsic reaction coordinate (IRC) for the rearrangement of
the complex S-1···H2O to benzhydryl alcohol 3 calculated at the
BLYP-D3/def2-TZVP level of theory. Energies are given in kcal/mol,
and the CCSD(T)/cc-pVTZ//BLYP-D3/def2-TZVP calculated acti-
vation barrier Ea is shown in red. The structures and some bond
distances of S-1···H2O, 3, and the transition state are shown in the
diagram. In addition, a structure along the IRC reminiscent to a
contact ion pair between cation 2 and OH− is presented.

Figure 4. UV−vis spectra showing the photochemistry of DPDM
isolated in LDA ice at 8 K. (a) DPDM in LDA ice. (b) 3 h irradiation
with λ = 530 nm. The band with λmax = 435 nm is assigned to cation 2.
(c) 10 min irradiation with λ = 450 nm. Bands with λmax = 330 and 257
nm are assigned to radical 5 and alcohol 3, respectively.

Figure 5. IR spectra in LDA ice showing the reaction of the
benzhydryl cation 2 at 100 K. (a) 2 calculated at the BLYP-D3/def2-
TZVP level of theory (scaled by 1.007, line width set to approximate
experimental spectrum). (b) Difference IR spectrum: bands pointing
downward are disappearing upon warming from 3 to 100 K and
assigned to 2. (c) Benzhydryl alcohol 3, matrix-isolated in LDA ice at 3
K.
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a: DPDM in LDA ice at 8 K  
b: 3 h irradiation with 530 nm 
c: 10 min irradiation with 435 nm   

Calculation of 2 in gas phase  
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・ Irradiation with 435 nm cause 
unexpected photochemistry. 

→ Disappearance of cation 2 and, 
generate benzhydryl radical 5. 

→ Expected that photolysis of 
cation 2 and formed radical 5 with 
surrounding water molecule.    

⇒ The high reactivity of cation 2 
is remained.  

・	 These results reveale the reaction process between 1 and water molecule (Figure 8). 
・	  

3. Conclusion 
・ The author achieve the characterization of reaction intermediate in the reaction 
between 1 and water by IR and UV-vis spectroscopy and theoretical calculations. 

・ In argon, S-1 water complex is stabilized by high polarity and the rate of the 
tunneling reaction is about 1 order slower in methanol case.   

・ In LDA ice, cation 2 is entirely stable below 40 K. 
・ This stabilization is derived from kinetic effect but not thermodynamic effect.  
→ This LDA method allow us to synthesize and spectroscopically characterize some of 
unrevealed reactive intermediates.  
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Figure 7. ESR spectrum after irradiation  

Figure 8. Reaction of 1 with water  
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