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Lehrstuhl fiir Organische Chemie II, Ruhr-Universitdt Bochum, D-44780 Bochum, Germany

Abstract

Chlorophenylcarbene and fluorophenylcarbene were generated in water-doped argon matrices at
cryogenic temperatures by photolysis of the corresponding matrix-isolated diazirines. When
diffusion of H,O in solid argon was induced by annealing of the matrices at temperatures above
20 K, hydrogen-bonded complexes between the carbenes and water were formed. UV photolysis
of these complexes resulted in the formation of benzaldehyde and hydrogen halides HX. The
same products were obtained after photolysis of the diazirines in amorphous water ice.
Obviously, the primary insertion product of the carbenes into H-OH is unstable under these
conditions, and benzaldehyde is formed via secondary photolysis. The stable primary
photochemical insertion product of chlorophenylcarbene into an O-H bond was observed in the

reaction of the carbene with methanol.

Introduction

The properties of closed-shell singlet carbenes are governed by the presence of a lone pair in the
o-plane and an empty 7w orbital, rendering them both nucleophilic and electrophilic. Substituents
strongly influence the philicity of singlet carbenes, and the spectrum of carbene reactivity ranges
from the extremely electrophilic difluorovinylidene' ? that even with CO, reacts as electrophile

by abstracting an oxygen atom,” to the highly nucleophilic N-heterocyclic carbenes (NHCs)” that
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are more or less stable under ambient conditions. Typical electrophilic reactions of singlet
carbenes are the formation of complexes and ylides with N and O containing aprotic compounds
such as ethers.” Singlet carbenes are strong neutral bases,® and for the parent singlet CH, a proton
affinity (PA) of 207 kcal/mol, similar to that of NH3 (204 kcal/mol) was determined. Typical
NHCs are even more basic and show PAs between 250 and 260 kcal/mol.” The lowest-lying
(closed-shell) singlet states of fluorenylidene (FL) and diphenylcarbene (DPC, Chart 1) are
among the most basic neutral compounds with PAs of 272 and 275 kcal/mol, respectively.® *
Reaction heats and rate constants of the protonation of carbenes to yield carbocations have been

determined by time-resolved photoacoustic calorimetry'” !

and by stopped-flow laser-flash
photolysis.'? Therefore, singlet carbenes should be able to act as powerful hydrogen bond
acceptors. An interesting example for a hydrogen-bonded carbene complex is the complex
between two NHCs bridged by a single proton resulting in a strong C+--H:--C hydrogen bond."
In contrast to the (closed-shell) singlet states of carbenes, the triplet states do not form hydrogen
bonds, and therefore hydrogen bonding stabilizes the singlet state of a carbene with respect to the
triplet state. This results in a decrease of the singlet-triplet splitting or even in a reversal of the
ground state of triplet carbenes. This has been recently used by us to switch the spin state of

diphenylcarbene and fluorenylidene, respectively, from triplet to singlet.'* "¢

0 S

Chart 1. Structures of arylcarbenes.

Chlorophenylcarbene 1a and fluorophenylcarbene 1b are prototypical reactive singlet ground

state carbenes of low nucleophilicity. The chemistry of 1a in solution was studied in great detail
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by trapping experiments,'” matrix isolation spectroscopy,’”?' and by time-resolved
spectroscopy (Scheme 1).*% As a singlet carbene, 1a reacts only very slowly (compared to
triplet carbenes) with molecular oxygen to form the corresponding carbonyl O-oxide."”” UV-
photolysis of matrix-isolated 1a results in ring opening to form cycloheptatetraene 4 in high

yields.”® The chemistry of fluorophenylcarbene 1b has also been studied by time resolved

spectroscopy26'28 and low temperature spectroscopy,zg'3 "and, as expected, is rather similar to that
of 1a.
X = CI: 405 nm
N=N X=F:365nm . 254 nm X
Ar, 3K Ar, 3K @
X _ =
-N; ©/\

X =Cl: 405 nm X=Cl: 470 nm

1
X = F: 365 nm Ny -N2| X =F:530nm
Ar, 3K Ar, 3K
’ X
3

Scheme 1. Photochemistry of diazirines 2a and b under the conditions of matrix isolation.

Here, we describe the formation of hydrogen-bonded complexes between carbenes 1a and b as
hydrogen bond acceptor and water and methanol, respectively, as hydrogen bond donors. An
interesting aspect is that hydrogen bonding changes the photochemistry of the carbenes, which

has to be considered when generating these carbenes by photolysis of precursors in solution.
Results and Discussion

Chlorophenylcarbene Water Complex. Chlorophenylcarbene 1a was generated in solid argon
doped with 0.1-1% water by visible light photolysis (405 nm) of chlorophenyldiazirine 2a at 3 K.

Under these conditions, matrices are very rigid and diffusion, even of small molecules such as

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

H,0, is efficiently inhibited. After the photolysis the IR spectra show the presence of carbene 1a,
isolated water molecules, and water clusters (dimers and higher, depending on the water
concentration). Annealing of these matrices at temperatures between 25 and 35 K allows water
molecules to diffuse and to undergo aggregation and bimolecular reactions with 1a. Several new
IR bands that appear during warming the matrices are assigned to a complex 1a---H-OH between
the carbene and water (Chart 2, Figure 1a-d, Table 1). These bands are observed only if both 1a

and water are present in the matrix.

CI//,, + HQO CI//,,
Pr B wl
H
1a

1aH,0
Chart 2. Interaction of carbene 1a with water to form the hydrogen-bonded complex 1a---H,O

As expected, the formation of the complex 1a---H-OH results in only moderate or small shifts of
IR bands compared to the constituents 1a and H,O. The strongest band of 1a at 1226.4 cm™
assigned to the C-C stretching vibration at the carbene center is blue-shifted to 1237.0 cm™
(Table 1). The bands at 847.1 and 739.5 cm™ assigned to the antisymmetric and symmetric C-C-
Cl stretching vibrations, respectively, are blue-shifted to 855.6 and 766.7 cm™, and the band at
568.4 cm™, assigned to an in-plane C-H deformation mode, is shifted to 575.5 cm™. The large
shifts of the stretching vibrations involving the carbene center indicates a C---H-OH hydrogen
bond between the central carbon atom of 1a and H,O. The dependency of the intensity of the
bands of 1a---H-OH from the concentration of H,O in argon suggests that a 1:1 complex between
H,O0 and 1a is formed. With 1% H,O, about 55% yield of the complex was obtained after 10 min
annealing at 35 K, and prolonged annealing did not result in a further increase of the yield. With
D,0 and H,'®0, the corresponding isotopologues 1a---D-OD and 1a---H-'"*OH with very similar
IR absorptions in the mid-IR region are observed (see SI).
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Figure 1. IR spectra showing the formation of the complex between carbene 1a and H,O. a) 1a in
argon doped with 0.1% H,O at 3 K. b) After annealing the matrix to 35 K for 10 min. ¢) 1a in
argon doped with 1% H,O at 3 K. d) After annealing the matrix to 35 K for 10 min. The

vibrational absorption bands of the 1a---H,O complex are highlighted in grey.

Since annealing of water-doped argon matrices results in the formation of the water dimer,’*™*

trimer,”” and higher oligomers™® that all exhibit strong absorptions in the OH stretching region, it
is difficult to identify IR bands of 1a---H-OH in this region. A new band at 3199.6 cm™ is formed
only during annealing of matrices containing both 1a and H,O, and is thus tentatively assigned to

an OH stretching vibration of the complex. This band is red-shifted from the symmetric O-H
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stretching vibration of H,O at 3638.0 cm™ by 438.4 cm™ (Figure 2, Table 2). With D,O, the
corresponding O-D stretching vibration is found at 2286.4 cm™, red-shifted by 371.4 cm™ from
the symmetrical D,O stretching vibration at 2657.8 cm™. The large red shift of the OH stretching
vibration provides strong evidence for a hydrogen bonded complex, where water acts as

hydrogen bond donor and carbene 1a as hydrogen bond acceptor.

— AV =438.4 cm’ R
D
3574
3524 - 3514 3372 3323

(E)-H - | !

1a'H,0 3199.6
v

A . a

\

1 1 1 1 1
3600 3500 3400 3300 3200
v/cm”

Figure 2. IR spectra showing the formation of the complex between 1a and H,O. a) 1a in argon
at 3 K. b) 1% H,O in argon at 3 K. ¢) After annealing the matrix to 35 K for 10 min and cooling
down to 3 K. d) 1 in argon doped with 1% H,O at 3 K. e) After annealing the matrix to 35 K for
10 min and cooling down to 3 K. D: water dimer, T: water trimer, P: water oligomer. The O-H

stretching vibration of the 1a---H,O complex is highlighted in grey.
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Several possible structures for complexes between carbene 1a and H,O were considered, and their
geometries, energies, and IR spectra were calculated at the B3LYP-D3/6-311++G(2d,2p) level of
theory (Figure 3). Only complex A shows the strong C---H-O hydrogen bond expected from the
spectroscopic data. This complex is computed to be stabilized by 7.53 kcal/mol (including BSSE
and ZPE corrections), whereas the other complexes are only weakly stabilized by Cl---HO
(complex B), CH:--OH (complex C), and n---HO (complex D) interactions. For complex A, a
very large red shift of the OH stretching vibration of water is predicted (-447 cm™), in excellent
agreement with the experiment (-438.4 cm™). Complexes B-D are described best as weakly
bound van der Waals complexes with predicted red shifts of the OH stretching vibrations of less
than 35 cm™ . The small shifts of the IR bands of carbene 1a observed after annealing of water-
doped argon matrices are in good agreement with predictions from DFT calculations, further

providing evidence for the formation of complex A (Table 1).
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Figure 3. Four weakly bound complexes A - C between 1a and water calculated at the B3LYP-
D3/6-311++G(2d,2p) level of theory are shown, including selected bond lengths (in A) and bond

angles (in degree); the complex energies are relative to non-interacting monomers.

Fluorophenylcarbene Water Complex. The interaction of 1b with water is analogous to that of
1a, and therefore only briefly described here (see SI for details). The carbene is formed in high
yields by 365 nm photolysis of matrix-isolated fluorophenyldiazirine 2b at 3 K. If the matrix is
doped with 1% H,0, annealing at 35 K results in the formation of complex 1b---H-OH in up to
40% yield. The complex shows some characteristic shifts in the IR spectrum, similar to that of

1a---H-OH (Table 3). Most notably is the strong red shift of 455.6 cm™ of the OH stretching
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vibration of the water molecule in the complex 1b---H-OH, which is slightly larger than in
la---H-OH. The assignment of the IR spectra of 1b---H-OH was confirmed by isotopic labelling

(D,0, H,'®0) and by comparison with results from DFT calculations at the B3LYP-D3/6-

©CoO~NOUTA,WNPE

311++G(2d,2p) level of theory. The large red shift of the OH stretching vibration is only
13 compatible with a C---O-H hydrogen bond involving the carbene center (Figure 3, complex A).
15 The other calculated structures are of lower energy (Figure 4) and predicted to show much

18 smaller red shifts of the OH stretching modes.

26 -

- -
33 E F
34 -7.25 kcal mol” -2.71 kcal mol”

41 .
2.920 ) 155.74
42 o 119.46

44 \ 2827

46 2581 'Q

48 .
49 G H
30 -2.00 kcal mol” -1.93 kcal mol”

w

53 Figure 4. Four weakly bound complexes between 1b and water calculated at the B3LYP-D3/6-
25 311++G(2d,2p) level of theory are shown, including selected bond lengths (in A) and bond

58 angles (in degree); the complex energies are relative to non-interacting monomers.
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Photochemistry of the Halophenylcarbene Water Complexes. The halophenylcarbenes 1a and
1b are stable towards visible light irradiation, but upon short wavelength UV irradiation (254 nm)
rearrange to the corresponding cycloheptatetraenes 4a and 4b, respectively (Scheme 1). Visible
light irradiation of the complexes (1a---H-OH: 630, 450 nm, 1b---H-OH: 450 nm) at 3 K results
in their dissociation and formation of the “free” carbenes 1. Annealing of the matrices at 30-35 K
again produces the complexes, and this photolysis/annealing process can be repeated several
times without formation of other products. The UV photochemistry of the complexes 1---H-OH
is markedly different not only from their visible light photochemistry, but also from that of the
carbenes 1a and 1b that are not bound to water. Several hours of 254 nm irradiation of matrices
containing a mixture of the carbenes 1 and their water complexes 1---H-OH results in the
expected rearrangement of “free” carbenes 1 to cycloheptatetraenes 4a and 4b, respectively. In
contrast, photolysis of 1---H-OH produces hydrogen-bonded complexes between benzaldehyde 6
and HCIl or HF, respectively (Scheme 2, Figure 5). The complex 6---H-Cl was synthesized
independently by annealing matrices containing both benzaldehyde 6 and HCI. In complex 6---H-

Cl the C=0 stretching vibration of 6 is red-shifted from 1718.0 cm™ to 1703.2 cm™.

Photolysis of the complexes of 1a or 1b with D,O results in the formation of the corresponding
deuterated complexes d;-6---D-Cl or d;-6---D-F, respectively, with the aldehyde group of 6
deuterated. If H,'®O is used in these experiments, the '*O isotopologue of 6 is formed, as
expected. The isotopic shifts in the IR spectra of these isotopologues are in excellent agreement

with the shifts predicted from DFT calculations (for details see SI).
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Figure 5. IR spectra showing the secondary photochemistry of the 1a---H>O complex. a) The
la---H,O complex produced in H>O-doped argon matrix at 3 K. b) Difference IR spectrum
obtained after 254 nm irradiation for 15 h. Bands pointing downwards are disappearing during
irradiation and belong to the 1a---H,O complex and carbene la. Bands pointing upwards are
appearing concomitantly and are assigned to 4 (bands marked by asterisks) and the 6---H,O
complex. c) Benzaldehyde 6 in 1% HCl-doped argon at 9 K. The bands marked by ° are due to

HCI and H,O complexes.

A reasonable mechanism for the formation of benzaldehyde and HX involves the unstable a-
halobenzylalcohol 5, the formal product of the insertion of carbenes 1 into the OH bond of water.
This step obviously needs photochemical excitation; however, it is not clear from our
experiments if this is a true photochemical or a “hot ground state” reaction. Calculations at the
B3LYP-D3/6-311++G(d,p) level of theory predict activation barriers of 11.1 kcal/mol for the
insertion of 1a (Figure 6), and 12.2 kcal/mol for the insertion of 1b into the OH bond of water to
form the corresponding halobenzylalcohols 5. These barriers are too large to be overcome in
thermal reactions at temperatures below 20 K, and therefore photochemical excitation is

necessary.
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32 Chart 3. Activation barriers E, for the OH insertion reactions of carbene-water complexes

34 calculated at the B3LYP-D3/6-311++G(d,p) level of theory.

40 This is in marked contrast to the thermal behavior of the water complexes of singlet
fluorenylidene FL'° and singlet diphenylcarbene DPC'* '® which are only metastable, and even
45 at temperatures as low as 3 K slowly react to the corresponding OH insertion products. In the
47 temperature range between 3 and 20 K the rates for these insertion reactions are independent of
50 temperature, and thus the Arrhenius activation barriers for these reactions are zero, indicating a
52 tunneling reaction. The activation barriers for the OH insertion reaction of the water complexes
of FL and DPC are calculated to 5.1 kcal/mol and 6.6 kcal/mol, respectively, and thus

57 considerably lower than that of 1a and 1b (Chart 3). The larger activation barriers, and
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presumably also larger tunneling distances, effectively inhibit tunneling rearrangements of

1a---H-OH and 1b---H-OH.
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Figure 6. Intrinsic reaction coordinate (IRC) for the O-H insertion of carbene 1a into H,O and

CH;0H calculated at the B3LYP-D3/6-311++G(d,p) level of theory. Energies are given in
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kcal/mol. Some structures along the reaction coordinate are shown in the diagram. O-H and C-H

bond distances involving the hydroxyl H atom in A.

Halophenylcarbenes 1 in Amorphous Water Matrices. Visible light (A = 405 nm) irradiation
of the diazirines 2a or 2b in amorphous water ice at 9 K resulted in the rapid photolysis of the
precursors, similar to the experiments in argon matrices. The photolysis was followed by IR and
UV-vis spectroscopy, which revealed the formation of the corresponding carbenes 1a and 1b in
addition to the halophenyldiazomethanes 3a and 3b (Scheme 1). A comparison of the IR spectra
shows that, as expected, the water complexes of the carbenes 1 are formed rather than the free
carbenes. In the ice matrix carbene 1a shows a strong UV-absorption at 308 nm and 1b at 279
nm. These absorptions are slightly red-shifted compared to the bands in argon at 302 and 269 nm,
respectively. Annealing at temperatures up to 50 K did not result in any reaction of the 1---H-OH
complexes. This is in contrast to the chemistry of fluorenylidene FL'° and diphenylcarbene DPC
in amorphous water,'® which are readily protonated at cryogenic temperatures under formation of
the corresponding carbenium ions. Prolonged 405 nm irradiation leads to the formation of the
HCI or HF complexes, respectively, of benzaldehyde 6, again in analogy to the photochemistry of
the 1---H-OH complexes in solid argon. In amorphous D,0 ice, the DX complexes of d;-6 are

formed, as expected (Figure 7).
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Figure 7. IR spectra in solid D,O showing the formation of the 1a---D,O complex, a small
amount of 3a and the d;-6---DCl complex at 9 K. a) IR-spectrum of 2a in amorphous D,O ice at
9 K. b) Difference IR spectrum after 405 nm photolysis of 2a in D,O at 9 K for 10 min. Bands
pointing downwards are disappearing during irradiation and are assigned to 2a. Bands pointing
upwards are appearing concomitantly and are assigned to the 1a---D,O complex, a small amount
of 3a and the d;-6---DCIl complex (bands marked by *). ¢) 1a---D,O complex formed in an argon
matrix doped with 1% D,0O upon annealing from 9 to 35 K. d) Difference IR spectrum after
prolonged irradiation of the matrix a with 405 nm for a total of 20 min in D,O matrix at 9 K.
Bands pointing downwards are disappearing and are assigned to the 1a---D,0O complex and 2a
(bands marked by °). Bands pointing upwards are appearing and are assigned to the d;-6---DCI

complex (bands marked by *). e) IR spectrum of d;-6 simulated with data from ref. >’
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Chlorophenylcarbene 1a Methanol Complex. Carbene la was also generated in 0.1-2%
methanol-doped argon matrices at 3 K. Annealing of these matrices at 25-35 K resulted in
characteristic shifts of some bands of 1a, indicating the formation of the hydrogen-bonded
complex la---H-OCHj; (Scheme 3, Figure 8). The band shifts are very similar than those
observed for the water complex 1a---H-OH. Complex 1la---H-OCHj3 proved to be photolabile,
and UV light (A > 305 nm) irradiation resulted in the formation of the primary OH insertion
product 7. In contrast to the water adduct 5, the methanol adduct 7 is stable and can be identified
by comparison of the IR spectra with that of the authentic matrix-isolated compound. Prolonged
irradiation did not result in the formation of further photoproducts. As expected, with CH30D the

corresponding deuterated d;-7 is formed.

(I),CHS
H -
o oo 305 nm H (O~CHs
©/\CI + CH3OH, 35 K ©/\o| 3K ©)<CI
1a 1a~H-OCHj 7

Scheme 3. Reaction of 1a with CH30H and subsequent photochemistry.

The activation barrier for the insertion of carbene 1a into the OH bond of methanol and the
intrinsic reaction coordinate (IRC) for this reaction was calculated at the B3LYP-D3/6-
311++G(d,p) level of theory (Figure 6). With 7 kcal/mol the barrier is considerably lower than
that of the insertion of 1a into H-OH (11.1 kcal/mol), and only slighter larger than that of the
insertion of DPC into H-OH (6.6 kcal/mol). Nevertheless, a tunneling reaction as in the insertion

reactions of both DPC and FL into water and methanol was not observed.
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Figure 8. Difference IR spectra showing the formation of the 1a---H-OH and 1a---H-OCHj;
complexes. a) Difference spectrum after annealing an argon matrix containing 1a and 1% H»O. b)
Difference spectrum calculated at the B3LYP-D3/6-311++G(2d,2p) level of theory. ¢) Difference
spectrum after annealing an argon matrix containing 1a and 1% CH3;OH. d) Difference spectrum

calculated at the B3LYP-D3/6-311++G(2d,2p) level of theory.

Conclusion

The halophenylcarbenes 1a and 1b are very strong bases and excellent hydrogen bond acceptors,
and thus form strongly hydrogen-bonded complexes 1---H-OH with water. For 1a the complex

with methanol 1a---H-OCHj3; was also investigated. All hydrogen-bonded complexes of 1 are
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stable under the conditions of matrix isolation, OH insertions via quantum mechanical tunneling
(QMT) are not observed. This is in contrast to the hydrogen-bonded complexes of (singlet)
diphenylcarbene DPC'* '® and fluorenylidene FL,"* which undergo OH insertions via tunneling
even at temperatures as low as 3 K. DPC and FL are even stronger basic and form stronger
hydrogen bonds than halophenylcarbenes 1, which results in lower activation barriers for the OH
insertions. DFT calculations predict a considerably larger activation barrier for the insertion of 1a
and 1b into water than for DPC and FL (Chart 3), in agreement with the experimental findings.
Photochemical excitation of 1---H-OR results in OH insertion, however, our experiments do not

allow to discriminate between true photochemical and “hot ground state” reactions.

The behavior of 1a and 1b in amorphous water ice also differs from that of DPC and FL. While
the latter two carbenes are rapidly protonated to form the corresponding carbenium ions, 1a and

1b only form water complexes, and proton transfer does not occur.

It is noticeable that none of these carbenes formed ylides with HOR via interaction of the lone
pairs at oxygen with the vacant p-orbital at the carbene center. Obviously, hydrogen bonding is

preferred, at least under the conditions of matrix isolation.

Experimental section

Matrix isolation experiments at 3-50 K were performed by standard techniques using a closed-
cycle helium cryostat. Matrix infrared spectra were recorded with a FTIR spectrometer using a
standard resolution of 0.5 cm™ in the range of 400-4000 cm™. Matrix UV-vis spectra were
recorded with a UV-vis NIR spectrophotometer in the range of 200-800 nm with a resolution of
0.1 nm. Water, D,0, H,'30, methanol and methanol-D were degassed several times prior to use

in the matrix isolation experiments. The matrices were generated by co-deposition of the
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substance of interest (2a, 2b or 6,) and water, D,0, H2180, methanol or methanol-D with a large
excess of argon on top of different substrates (Csl and sapphire windows for IR and UV-vis
spectroscopy, respectively) at 3-50 K. A flow rate of approximately 1 mbar/min was used for the
deposition of the matrix. Matrix-isolated chlorophenylcarbene 1a or fluorophenylcarbene 1b
were generated by photolysis of chlorophenyldiazirine 2a or fluorophenyldiazirine 2b in argon
matrices at 3 K using 405 nm or 365 nm LED source. After annealing at 35 K for several minutes
the matrices were cooled back to 3 K to record spectra. The experiments in low density
amorphous ice (LDA ice, H,O or D,0O) were performed in a similar manner by replacing argon
with H,O or D,0. For the preparation of LDA ice, purified H,O or D,0 was degassed in several
freeze-thaw cycles. The deposition rate of the water or D,O vapors was controlled by a fine
metering valve. Water or D,O was co-deposited with the substance of interest (2a, 2b or 6) in a
high vacuum system on top of different spectral windows (Csl (for IR spectroscopy) or sapphire
window (for UV-vis spectroscopy)) at 50 K. After deposition the matrices were cooled back to 3-
10 K. For irradiations of matrix-isolated species, LEDs (530, 470, 450, 405 and 365 nm), a low-
pressure mercury lamp (254 nm) and a 500 W high-pressure mercury lamp and cut-off filter with
50% transmission at 305 nm were used. Solvents (D,O (99% D), H,"*0 (97% isotopic purity),
Methanol (99.9% anhydrous) and methanol-D (99.5% isotopic purity)) were purchased and used
as received without further purification. Benzaldehyde 6 was purified by distillation prior to use.

HCI gas (99.8%) was also used without further purification.

Chlorophenyldiazirine 2a was synthesized according to a published procedure.’® For additional
purification, 3a was chromatographed (silica gel 60, 230-400 mesh) using pentane as eluent. (Ar,
3 K): 7 (em™) (%) = 3075.1 (5), 1573.7 (53), 1498.0 (17), 1450.9 (13), 1260.3 (7), 1109.0 (1),

1040.2 (14), 1015.0 (27) 912.7 (100), 757.1 (31), 692.3 (40), 666.7 (22), 544.5 (10) cm’".
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Fluorophenyldiazirine 2b was synthesized by a Cl-to-F exchange reaction with the use of tetra-n-
butylammonium fluoride according to a published procedure.” 2a was further purified by HPLC
(pentane). IR (Ar, 3 K): 7 (cm™) (%) = 3075 (4), 1559 (8), 1451 (13), 1306 (83), 1077 (34), 1010

(58), 759 (96), 693 (93), 559.6 (56), 553 (50) cm™.

1-chloro-1-methoxytoluene 7 was synthesized according to a literature procedure.*’ IR (Ar, 3 K):
7 (em™) (%) = 1369.3 (24), 1251.6 (71), 1195.1 (67), 1121.7 (92), 987.0 (25), 851.0 (24), 695.5

(100), 628.4 (12), 616.3 (8).

Computational Methods. The geometries and vibrational frequencies of all species were
calculated using the B3LYP-D3*' density functional with the 6-311++G(2d,2p) basis set. 7 and
d;-7 were calculated at the MP2/6-311++G(2d,2p)** level of theory. All calculations were
performed using the Gaussian 09* suite of programs. The multiple minima hypersurface
(MMH)* approach was used to localize the minima of the 1a-water and methanol, 1b-water, 6-
HCI and 6-HF systems. 100 randomly arranged complexes of each of those systems described
above were generated as starting points and preoptimized at the B3LYP/6-31G(d,p) level of
theory. The most stable structures were taken for further optimizations at different methods
(M06-2X*, B3LYP* and B3LYP-D3*") with the 6-311++G(2d,2p) basis set. All interaction
energies were corrected by the Boys and Bernardi counterpoise correction.”’” The stabilization
energies were calculated by subtracting the energies of the monomers from those of the dimeric

complexes including ZPE corrections.
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Table 1. Experimental and calculated vibrational frequencies of 1a and its complexes with H,O and CH;0H.

Page 26 of 31

A, (La) ATHOP, (L) LDA®, (Ire.Y At/CH;0HY, (L) DFT, (Iyps )"
v(em™) v(em™) shiftt  v(cm™) shift!  v(cm™) shift!  v(cm™) shift®*  assignment
568.4 (10) 575.5 (6) +71  5675(3) 0.9  578.9(8) +10.5  588.2 (29) +8.5  C-H.i.p. def.
675.4 (15) 673.0 (8) 2.4 676.1 (6) +0.7  672.2(10) -3.2 687.3 (33) 4.7 C-H o.0.p. def.
739.5 (51) 766.7 (25) +272 7682 (30) 4287  767.7 (20) +282  762.2(129)  +30.4 C-C-Clstr. sym.
764.1 (20) 772.7 (10) +8.6  780.0(15) +159 777.9(12) +13.8  794.9 (68) +6.5  C-Ho.0.p. def.
847.1(24) 855.6 (14) +8.5  860.9(18) +13.8  857.5(13) +10.4  865.8 (61) +3.4  C-C-Cl str. asym.
1172.2 (40) 11748 (16)  +2.6  1171.4(39) -0.8  1174.4(16) +22  1199.4 (7) +5.6  C-Hip. def.
1226.4 (100) 1237.0 (28) +10.6  1230.5(50) +4.1  1236.9 (31) +10.5 1268.5(266)  +21.4 C-C str. carbene center
1305.3 (7) 1309.2 (6) +3.9  1312.0(5) +6.7  1309.2 (3) +3.9  1332.7(20) +4.2  C=C str. ring
1320.7 (3) 1326.3 (4) +5.6  13304(2) +27  1329.1(5) +84  1368.5(12)  +13.3  C-Hip. def.
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1445.7 (10) 1443.2 (4) 2.5 14583 (12) +12.6 14422 (3) 3.5 1475.3(26) 0.7  C=C str. ring

1588.8 (28) 1588.6 (20)  +0.2  1596.5(35) +7.7  1590.6 (25) +1.8  1626.7(95) +1.5  C=C str. ring

©CoO~NOUTA,WNPE

11 / 3199.6 (100)  -438.4 / / / / 3372.8(1036) -447.1 O-H str. sym.

14 / 3692.7(15)  -41.6 / / / /  3884.5(57)  -33.1 O-Hstr. asym.

16 “In argon matrix at 3 K. "In argon matrix doped with 1% H,O at 3 K. “In LDA ice matrix at 9 K. “In argon matrix doped with 1% CH;OH at 3 K. “Calculated at
18 the B3LYP-D3/6-311++G(2d,2p) level of theory. ‘Relative intensities based on the strongest observed absorption band. *Frequency shift relative to the monomers

20 (cm™). "Absolute intensities in km/mol.
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Table 2. Comparison of the O-H and O-D shifts of 1a---H,0, 1a---D,0 and 1a~'-H2180.

Mode H,O 1a'H,0 D,0 1a'D,0 H,'%0 1aH,'%0

vi* 3638.0 3199.6 (-438.4) 2657.8 2286.4 (-371.4) 3630.8 3190.2 (- 440.6)

vi¥ 37343 3692.7(-41.6) 2766.0 27262 (-39.8) 3723.5 3680.9 (- 42.6)

“sym. str. O-H, O-D, "O-H. "asym. str. O-H, O-D, '°O-H. Frequency shifts are given in

. .. -1
parenthesis. Frequencies in cm™ .
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Table 3. Vibrational frequencies and shifts of the 1b---H,O complex.

Ar’ Ar/H,0° LDA ice’ DFT?

©CoO~NOUTA,WNPE

=
o

v(cm'l) | | Lo  shift’ v(cm'l) Lo  shift’ v(cm'l) Lo shift’ assignment

el
N

[
w

626.8 21 631.4 6 +4.2 636.0 5 +9.2 644.7 15 +5.8  skel. vibr.

2 e
o o>

680.0 27 678.3 10 -2.5 678.4 6 -1.6 688.7 29 -3.6  C-H o.0.p. def.

el
© 0~

838.0 15 847.7 2 +.7 860.9 2 +22.9 863.6 3 +13.5  C-C-F def.

NN
[ ]

1064.2 47 1070.0 1 +5.8 1057.9 2 -6.3 1097.2 144 +21.8 C-Hi.p. def.

N NN
A wN

1110.2 94 1127.1 36  +16.9 1122.5 10 +123 11413 131 +20.6 C-F str.

NN N
~N o O1

1168.3 10 1176.3 5 +8.0 1188.5 6 +20.2 | 12153 45 +154 C-H bend

W NN
O O

1226.8 100 1243.3 13 +16.5 1266.4 15 +39.6 12742 274 +26.0 C-C str. carbene center

w w
N =

1314.8 17 1318.9 3 +4.1 1317.5 3 +2.7  1346.0 11 +4.7  C-H i.p. def.

W ww
o b~ w

/ / 31824 100 -455.6 / / / 3420.0 844 -399.9 O-H str. sym.”

w w
~N O

w
oo

“In argon at 3 K. "In argon matrix doped with 1% H,O at 3 K. “In LDA ice matrix at 9 K. “Calculated at the B3LYP-D3/6-311++G(2d,2p) level of

AW
o ©

theory. “Relative intensities based on the strongest observed absorption band. -fFrequency shift relative to the monomers (cm™). ¥Absolute intensities

A ADMDDAN
OO0 WNPRE

ACS Paragon Plus Environment

N
\l

S D
O



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 30 of 31

in km/mol. hOnly the symmetrical O-H str. could be observed in the H,O-doped argon matrix. The shift of the O-H str. was difficult to observe in

the LDA ice matrix.
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