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Host—Guest Systems

Fluorophenoxycarbene inside a Hemicarcerand:
A Bottled Singlet Carbene**

Xuejun Liu, Gaosheng Chu, Robert A. Moss,*
Ronald R. Sauers,* and Ralf Warmuth*

The reactivity, selectivity, and stability of singlet carbenes are
strongly dependent on the carbenes’ substituents.! Indeed,
the intrinsic stabilization of carbenes by electron donation
from their substituents and steric crowding permits “tuning”
of the carbenes’ chemical properties and life-times. This
stabilization enables the generation of the fleeting and
voraciously electrophilic singlet methylene (CH,) species,?
through the long-lived triplet bis[9-(10-phenyl)anthryl]car-
benel! to such stable and isolable species as the phosphorus-
stabilized singlet carbene (iPr),PCSiMe;¥ and the amine-
stabilized Arduengo carbene 1,3-di-(1-adamantyl)imidazol-2-
ylidene® or (iPr),NCN(iPr),.”® Extrinsic stabilization
through confinement inside a molecular container should
provide additional stabilization to carbenes.”! In fact, incar-
ceration in the inner phase of a hemicarcerand is one of the
most powerful approaches for the room-temperature stabili-
zation of highly reactive intermediates.”! The surrounding
host protects the guest from dimerization or reaction with
bulk-phase species that are too large to enter the inner phase.
We report herein the first example of a normally nonisolable,
fleeting singlet carbene that is rendered persistent by
incarceration. We selected fluorophenoxycarbene (1) as our
target for three reasons: it is sufficiently stabilized by its
substituents (calculated stabilization energy =60 kcalmol™!
relative to the singlet methylene species!') that C—H
insertion or C=C addition reactions with a hemicarcerand
host are unlikely, its size should result in a good fit within host
2, and it carries a NMR-sensitive fluorine “label”.

Treating diol 379 with MsO(CH,),0OMs (Ms=SO,Me),
Cs,CO;, and excess 3-fluoro-3-phenoxydiazirine (4)® in
hexamethylphosphoramide gave the hemicarceplex 2-4 in
23 % yield. Photolysis of 2-4 in degassed CD,Cl, (4 > 320 nm,
77 K) produced a new hemicarceplex in 93% yield on
the basis of integration of the 'HNMR spectrum
(Figure 1a,b).”
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Figure 1. Partial '"H NMR spectra (399.969 MHz, CD,Cl,, 25°C) of the
hemicarceplex 2-4: a) before and b) after photolysis (A>320 nm, 77 K,
4 h). c) Same solution as (b) after complete decomposition. The sig-
nals assigned to the protons of the incarcerated 4 (¥), 1 (e), 5 ({),
and 6 (e) are marked.

1b

R = (CHz)4CH;

2: X = (CHy)y
I X=HH

The UV absorption of 2 decreases sharply above 275 nm.
Thus, it must be the guest 4 that absorbs light at the
wavelengths used in the photolysis experiments (4>
320 nm). We assigned the newly formed hemicarceplex as
the fluorophenoxycarbene hemicarceplex 2-1 on the basis of:
the photochemistry of free 4, which quantitatively produces
1;®! the '"H NMR spectroscopic properties of this hemicarce-
plex (see below); and trapping experiments. Trapping experi-
ments at 25°C in CD,Cl, (containing small amounts of water)
showed 2-1 reacted very slowly over several days to form the
phenyl formate hemicarceplex 2-5 and the phenyl-
(difluoromethyl) ether hemicarceplex 2-6 (Figure 1b,c). The
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hemicarceplex 2-5 was identified by comparison with an
authentic sample prepared by heating empty 2 in neat 5,
whereupon 5 enters 2 (150°C, 48h, 58% vyield).”™™ The
hemicarceplex 26 gave FAB-MS, 'HNMR, and “F NMR
spectra that are fully consistent with its structure. For
example, the ’F NMR spectrum shows a doublet at dp=
—82.9 ppm (/= 73.3 Hz) which is almost identical to that
of free 6 (Op=—81.39 ppm, /=74 Hz).l”! We rationalize
the formation of 2-5 and 2:6 in almost equal amounts as
follows: bulk phase water enters the inner phase and reacts
with 1 to give the hemiacetal 7, which subsequently loses HF.
The HF is extruded from the inner phase and rapidly enters
another hemicarceplex 2-1, where it reacts with 1 to yield 6
(Scheme 1). The concentrations of HF and 2-7 were below the
NMR detection limit, which shows that fragmentation of 7
and addition of HF to 1 are much faster than the acid-
catalyzed addition of water to encapsulated 1.
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Scheme 1. Photolysis of 4 and reactions of 1 in the inner phase of 2.

If [Ds]pyridine is added to the sample before photolysis,
2-1 persists for days without any decomposition (Figure 2).
This shows that the addition of water is acid-catalyzed
(Scheme 1, 1a—8—7) and that water is not acidic enough
in the hydrophobic inner phase of 2 to trap 1, presumably
because of the high energetic cost of charge separation to
form [8]*OH . Tt also suggests that 7 does not form from 1
by an ylide pathway, which would not be inhibited by
pyridine. Thus, the following factors lead to the remarkable
stability of 2-1: 1)the incarceration of 1 which inhibites
dimerization;!! 2) the hydrophobicity of the inner phase;
and, possibly, 3)the stabilization effect of the carbene—m
interactions.'®'?! In the absence of a base, trace amounts of
DCl in CD,(l], initiate the catalytic cycle shown in Scheme 1
(1a—8—7). After the H concentration reaches a certain
level, the reaction proceeds to completion at a constant rate,
which depends on the concentration of bulk water (Figure 2).

The aryl protons H1, H2, and H3 of 2-1 are assigned to a
doublet at 6 =6.28 ppm and triplets at  =5.56 and 3.28 ppm
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Figure 2. Concentration change of 21 versus time (CD,Cl,, 25°C) in
the presence (m) and absence (0) of [Ds]pyridine. The amount of 2-1
was estimated from the integral of the guest proton H1.

in the '"H NMR spectrum (Table 1, Figure 1b). The observa-
tion of single multiplets for host protons Ha, Ho, Hm, and Hi
indicates fast tumbling of 1 relative to 4, whose rotation

Table 1: 'H, "°F, and "C NMR chemical shifts of 1 referenced to
trimethylsilane (TMS) or CFCl;.
Nucleus e [PPM] Ocaicd™ [PPM]

cis trans
H1 6.28 7.13 7.70
H2 5.56 7.57 7.62
H3 3.28 7.47 7.56
F 149.8 179.1 159.4
(@ 285.7 297.1 309.0
Cc2 148.0 158.3 159.6
3 117.4 125.8 122.6
C4 129.9 133.1 134.1
c5 124.7 1314 131.6

[a] GIAO chemical shift tensors (PBETPBE/6-311++ G(2d,p) relative to
TMS ('H, *C) or CFCl; ("°F).

around the equatorially located axis of 2 is frozen. This
observation is consistent with the difference in size between 1
and 4. The F and C NMR spectra of 2-1 provided further
interesting insights into the properties of 1. The "’F atom of 1
resonates at 0 =149.8 ppm, which indicates a fairly electro-
positive fluorine center (Figure 3)."* Furthermore, the multi-
plicity and chemical shift of the °F signal clearly rules out 7 as
the guest.

The guest’s aryl carbon atoms are assigned to singlets at
0=148 (C2), 129.9 (C4), 124.7 (C5), and 117.4 ppm (C3) in
the *C NMR spectrum. The highly electron-deficient carbene
C1 resonates at .=285.7 ppm (d, Jop =569 Hz), which is
comparable to the d. value of other persistent heteroatom-
substituted singlet carbenes.**! The strongly downfield-shifted
fluorine atom, the unusually large C—F coupling constant,™
and the C2 signal, which is shifted upfield by Ad-=3.2 ppm
relative to C2 of 4, are consistent with strong participation of
both oxygen and fluorine atoms in carbene stabilization
through delocalization of a lone pair into the vacant carbene
p orbital (Scheme 2).
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Figure 3. "*F NMR spectrum (282.232 MHz, CD,Cl,, 25°C) of partially
decomposed 2.1 referenced to CFCl,. Signals assigned to '°F atoms of
incarcerated 1 (@), 6 (), and two further photoproducts of 2-4 (v, x)
are marked.
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Scheme 2. Resonance stabilization of 1.

DFT calculations (B3LYP/6-31G*) predict that 1 prefer-
entially adopts the trans- (1b) rather than the cis conforma-
tion (la; AH°=2.2kcalmol™). Does 1 also adopt the
intrinsically more stable trans conformation in the inner
phase of 2?7 This is an interesting question in light of recent
work by Rebek and co-workers,'¥ who found that linear
alkanes prefer higher energy conformations when encapsu-
lated inside self-assembled capsules. We addressed this
question by comparing the experimental J. and J values of
1 with those predicted by gauge-independent atomic orbital
(GIAO) chemical-shift calculations at the PBE1PBE/6-311 +
+G(2d,p) level (Table 1)."! Olah, Prakash, and co-workers
compared experimental and computed chemical shifts for
several F-substituted carbocations and showed that GIAO
calculations slightly overestimate oy and dc values.'¥ More
importantly, they observed excellent linear correlations
between measured and computed dr and d values. We were
delighted to find similar correlations when we compared the
experimentally derived chemical shifts of C;HsF, CH;F, 1,3-
dimethylimidazolidin-2-ylidene,*!  1,3-dimethylimidazol-2-
ylidene,*! 1-fluoro-1-cyclopentyl cation,™ 1-fluoro-1-cyclo-
propyl cation," and 2-fluoro-2-propyl cation® with those
computed at the PBE1PBE/6-311 + + G(2d,p) level (see the
Supporting Information). These experimentally derived
values were then used to correct the dg and ¢ values reported
in Table1: op"(1a)=159.2, oF"(1b)=141.1, 62"(1la)=
290.0, and 5¢"(1b) =301.4 ppm. If we also take a complex-
ation-induced upfield shift of Adg~1-2 and Ad-~1-2 ppm
into consideration, we find that the chemical shifts predicted
for 1a are in better agreement with the experimental values,
which suggest that 1a is the major conformer inside 2. To
further strengthen this conclusion we performed heteronu-
clear 'H["’F] NOE interaction experiments (Figure 4). The
fluorine center in 1 yields positive NOE interactions for H1(s)
in 1 and for Hi(m) and Ha(m) in 2 upon irradiation.

A strong NOE interaction between the fluorine atom and
H1 is only expected for 1a. The calculated F—H1 distances are
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Figure 4. "H['°F] NOE difference spectrum (399.971 MHz, CD,Cl,,
28°C) of 2-1.

3.021 and 3.716 A for 1a and 3.839 and 4.392 A for 1b. The
steep distance-dependence of the 'H['’F] NOE interaction
renders a NOE interaction in the trans conformation unlikely.
Also consistent with 1a, is the intermolecular Hi—-F NOE
interaction. However, our observation of an almost equally
strong intermolecular Ha—F NOE interaction is more difficult
to rationalize for 1a and suggests that 1b is partially
populated. From the temperature insensitivity of o (25 to
—~70°C, ASp=0.2 ppm) and the failure to detect a second "°F
signal at 0p=150£30 ppm at —70°C, the cis—trans isomer-
ization should be frozen at —70°C (AH,,=13.9 kcalmol ™),
which suggests that one conformer is predominately popu-
lated at 25 °C and below. On the basis of the NOE interaction
experiments and the comparison of the d. and dy values with
the calculated GIAO chemical shifts we conclude that 1a is
the major conformer in the inner phase. The higher popula-
tion of 1a must be a consquence of steric interactions between
1b and 2 (ca.2-3 kcalmol™') and is consistent with earlier
observations that confinement favors coiled over extended
conformations.!*17

In summary, free fluorophenoxycarbene is a transient
species;[gl however, if incarcerated inside a hemicarcerand, 1
persists for days at room temperature. Incarceration not only
prevents dimerization but also slows the reaction of 1 with
water by many orders of magnitude and reverses its cis—trans
equilibrium. We predict that many other singlet carbenes of
comparable reactivity will become persistent by this
approach.
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