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Triplet carbenes are regarded as one of the most effective spin sources for organic ferromagnetic materials since the
magnitude of the exchange coupling between the neighboring centers is large. However, those systems have two disad-
vantages that prevent their use as practical magnetic materials. First, a triplet carbene unit is highly unstable and lacks
the stability for practical applications under ambient conditions. Second, diazo groups, which are precursors for triplet
carbenes, are generally labile and, hence, cannot be used as building blocks to prepare a more complicated poly(diazo)
compound. After great efforts to stabilize the triplet carbenes, we have succeeded in preparing fairly stable triplet car-
benes that survive for days. We found that a diazo precursor for a persistent triplet carbene was also persistent and,
hence, can be further modified into a more complicated diazo compound that can generate persistent high-spin polycar-
benes. In this account, we would like to summarize our efforts along this line. We employed the following three ap-
proaches to prepare poly(diazo) compounds; (1) synthesis of dendritic molecules having peripheral diazo groups starting
from diazo compounds, (2) preparation of a poly(phenylacetylene) with a diazo unit using Rh-complex-catalyzed poly-
merization of diazo compounds with p-ethynyl substituents, and (3) preparation of a polymer chain as a result of com-
plexation of the pyridine ligand on diazo compounds with coordinatively unsaturated metal ions. We also characterized
the magnetic properties of photoproducts obtained by photolysis of those poly(diazo) compounds. Although spin-states
observed for those photoproducts were not so high, the results suggest that our approach using persistent triplet carbenes
will eventually lead us to a persistent high-spin polycarbenes by taking advantage of the stability of our diazo com-
pounds.

An increasing amount of interest is being paid to molecular
magnetism, in which spins of unpaired electrons in �-orbitals
of light atoms such as carbon, nitrogen, and oxygen are mainly
responsible for the magnetic properties. Many attempts have
been made to prepare organic ferromagnetic materials.1,2

There are two major structural determinants for constructing
high-spin organic molecules. The first one is based on a va-
lence bond model, which assumes that electrons are perfectly
correlated. Thus, the ground state of any molecule is deter-
mined by which set of possible distribution of �- and �-elec-
tron spins allows the formation of the maximum number of
bonds.4 This can be simply expressed by Eq. 1, known as
Ovchinnikov equation,3 where the atoms can be divided into
two sets, traditionally called starred and unstarred and n�
and n are the numbers of the starred and unstarred atoms. If
the numbers of starred and unstarred atoms are equal, the num-
ber of �- and �-spin electrons will also be the same, and the
ground state will be a singlet. However, if there are more star-
red atoms than unstarred atoms, the number of �-spin elec-
trons will exceed the number of �-spin electrons by n� minus
n, and hence the spin quantum number will be ðn� � nÞ=2.

S ¼ ðn� � nÞ=2: ð1Þ

If one applies this equation to predict the ground state multi-
plicity of phenylenebis(methylene)s isomers, S ¼ 0, which is a
singlet, is predicted for ortho and para isomers, while S ¼ 1,
which is a triplet, is predicted for meta isomer. This is exactly
what has been observed (Scheme 1).1a,3

The second determinant is based on Hückel theory, which
focuses only on maximizing the buildup of electron density
in the regions where the atomic orbitals on the atoms overlap
most strongly.5,6 If one assumes that diradicals are formed
by connecting two monoradicals, there are two possibilities.
When one or both of the points of union bears a finite non-
bonding molecular orbital (NBMO) coefficient, the exchange
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Scheme 1. Ground state multiplicity of phenylenebis(meth-
ylene)s according to Ovchinnikov equation.
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interaction is not zero. This is called non-disjoint. On the other
hand, when they are formed by union at the points with no
NBMO coefficient, the exchange interaction approaches zero.
This is called disjoint.

For instance, for both m,m0- and p,p0-vinylidenebis(benzyl),
Ovchinnikov rule predicts S ¼ 1 by counting the numbers of
starred and unstarred carbon atoms. But in m,m0-isomer, each
benzyl radical unit is connected on vinylidene part at the car-
bon where NBMO coefficients are zero, which is doubly dis-
joint. Therefore, S ¼ 0 is predicted. Experimentally, a triplet
ground state has not been observed for this system.7 For the
p,p0-isomer, each benzyl radical unit is connected at the
carbon which has NBMO coefficients, which is non-disjoint.
Thus, S ¼ 1 is predicted. This has also been verified experi-
mentally.7 In other words, when two spin systems are connect-
ed to a bridging � linker so that they are able to interact fer-
romagnetically, they should be connected at an atom that has
NBMO coefficients (Scheme 2).

Based on these determinants, many attempts have been
made to prepare organic ferromagnetic materials. The spin
sources used for such studies are mostly thermodynamically
stable radicals such as phenoxyls,8 triphenylmethyls,9 and ami-
noxyls.10 This is obviously due to their ease of preparation and
use. However, since the spin state of those radicals is 1/2, they
have potential problems. For instance, exchange coupling
between neighboring aminoxyls is weak, and contamination
of the lower-spin states in the polyradicals cannot be avoided.

Triplet carbenes are regarded as a more attractive spin
source since they have two nonbonding electrons on one car-
bon atom with S ¼ 1, and hence, one can generate higher spin
states by using the same number of the units with radicals. In
addition, the magnitude of the exchange coupling between the
neighboring centers is large.11,12 Moreover, since carbenes are
easily generated by photolysis of precursor diazo compounds,
one can generate high-spin polycarbenes by photolysis of dia-
magnetic diazo compounds even at low temperature in rigid
matrix.

Actually, Iwamura and co-workers have prepared a ‘‘star-
burst-’’type nonakis(diazo) compound and have demonstrated
that nine diazo groups are photolyzed at low temperature to
give a nonadecet ground state (S ¼ 9).12

However, those systems have two disadvantages that pre-
vent them from being practical magnetic materials. First, a
triplet carbene unit is highly unstable and lacks the stability

for practical applications under ambient conditions.13,14 For
instance, triplet diphenylcarbene has a lifetime of 1 micro
second in solution at room temperature, while triphenymethyl
radical is known to be stable.14

In order to overcome these difficulties, we have tried to sta-
bilize and hopefully isolate the triplet carbene and succeeded
in preparing fairly stable ones.15 For instance, triplet diphenyl-
carbene is stabilized by introducing a bulky but unreactive
group at the ortho positions. Thus, triplet diphenylcarbene pro-
tected by bromine and trifluoromethyl groups is shown to sur-
vive a day on solution at room temperature.16 Moreover, bis(9-
anthryl)carbene which is stabilized not only thermodynamical-
ly as a result of extensive delocalization of unpaired electrons
onto anthryl rings but also kinetically by four peri hydrogens
can be stabilized by introducing a substituent at the position
10; bis[10-(4-t-butyl-2,6-dimethylphenyl)-9-anthryl]carbene
is shown to survive more than one week in solution at room
temperature.17 Now, we have a fairly stable triplet carbene,
the next step is to explore ways to connect them in ferromag-
netic fashion to prepare a high-spin polycarbene.

The second disadvantage is that diazo groups are also gen-
erally labile not only to heat and light but also to acid and met-
als which is often employed to modify the compound and,
hence, cannot be used as a building block to prepare a more
complicated poly(diazo) compound.18 The diazo functional
groups are therefore usually introduced at the last step of syn-
thesis. For instance, Iwamura and co-workers prepared poly-
(diazo) compound from polyketone which is poly-hydrazonat-
ed followed by poly-oxidation.12 This is very elegant method
to prepare poly(diazo) compounds, but this method is applica-
ble only to prepare poly(diazo) compound consisting of simple
diphenyldiazomethane unit.

Preparation of the precursor diazomethanes for sterically
hindered carbene is not that simple and traditional hydrazona-
tion followed by the oxidation procedures does not work. The
synthetic pathway to prepare sterically congested diphenyldi-
azomethane is summarized in Scheme 3.18,19 Many steps are
required to reach to the desired diazo compound, which sug-
gests that it is impossible to prepare sterically congested poly-
(diazomethane)s by extending the method.

A solution to a very difficult problem has always been due
to a naı̈ve attempt by a student. One of students tried to couple
an acetylene unit to polybrominated diphenyldiazomethane
(1) by using Pd and Cu catalysts, which is known as the
Sonogashira coupling reaction (Scheme 4).20 It is well-known
that these metals are good catalysts for decomposing diazo
groups.18,21 Thus, one might expect that decomposition of
the diazo functional groups may occur. However, the cross-
coupling reaction proceeded with the diazo group intact, and
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Scheme 2. The connectivity in m,m0- and p,p0-vinylidene-
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the student was able to isolate the desired ethynylated diphen-
yldiazomethane (2) in a fairly good yield. This is initially sur-
prising but not so surprising when one examines the X-ray
crystal structure of bis(2,4,6-tribromophenyl)diazomethane,22

in which the four bromine groups at the ortho positions that
were introduced to block the carbene center and to protect
the diazo carbon from external reagents. Therefore, only the
para carbon is exposed to be attacked by the reagents. In other
words, the diazomethane prepared to generate a stable carbene
is also stable and, hence, can be used as a building block to
construct more complicated poly(diazo) compounds in order
to generate high-spin polycarbenes. Encouraged by this find-
ing, we decided to prepare poly(diazo) compounds and to char-
acterize spin states of polycarbenes generated by photolysis of
those poly(diazo) compounds.

We employed following three approaches to prepare poly-
(diazo) compounds; (1) synthesis of dendritic molecules hav-
ing peripheral diazo groups starting from monomeric diaryldi-
azomethanes, (2) preparation of a poly(phenylacetylene) bear-
ing diazo unit using the Rh-complex-catalyzed polymerization
of diaryldiazomethanes bearing p-ethynyl substituents, and (3)
preparation of polymer chain as a result of complexation of the
ligand pyridine introduced on monomeric diaryldiazomethanes
with coordinatively unsaturated metal ions. Here, we would
like to summarize our observations in this order.

1. Dendrimer Approach

1.1 Dendrimer by Connecting Diphenyldiazomethanes
through Ethynyl Group on Benzene Unit. One way to pre-
pare poly(diaryldiazomethane)s is to connect diaryldiazometh-
ane units in a dendrimer arrangement. Since we were able
to introduce an ethynyl handle on diaryldiazomethanes by
Sonogashira coupling reaction, we first prepared a dendritic
diazo compound by extending this method.

Deprotection23 of the trimethylsilyl group of 2 gave 3. Sub-
sequent coupling with 1,3,5-triiodobenzene took place smooth-
ly to produce tris(diazo) compound 4–3N2 (Scheme 4),24 where
three carbene precursor units have been introduced so as to
generate tris(carbene), connected in a ferromagnetic fashion
based on the Ovchinnikov equation.4 Photolysis (� > 300 nm)
of 4–3N2 in a 2-methyltetrahydrofuran (2-MTHF) glass at
5K gave a fine-structure ESR spectrum which was different
from that observed by the photolysis of bis(2,4,6-tribromo-
phenyl)diazomethane.15a However, it is obvious why conven-
tional continuous-wave (CW) ESR spectroscopy for randomly
oriented organic high-spin species fails to give evidence for
the spin state of the tris(carbene).

To identify the spin multiplicity of the tris(carbene) 4 un-
equivocally, field-swept two-dimensional electron spin transi-
ent resonance (2D-ESTN) spectroscopy for nonoriented high-
spin sysytems25,26 was used. This technique is based on a
pulsed FT-ESR spectroscopic method25–28 and can be used to
determine the electronic and environmental structures of high-
spin species even in amorphous materials, which is not possi-
ble using CW ESR.25,26 After photolysis of 4–3N2 under the
same conditions as for CW ESR, a contour plot of field-swept
2D-ESTN spectra of 4 was obtained (Fig. 1). Three dominant
peaks of the nutation spectra in the range 200–350mT were
observed at 22.0, 27.5, and 29.5MHz. The observed ratio of
22.0:27.5:29.5 agrees with the theoretical value. These theoret-
ical frequency values correspond to the allowed ESR transi-
tions for septet states, meaning that the observed fine-structure
is due to a spin-septet state. Between 2.6 and 90K, no other
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Fig. 1. Contour plot of field-swept 2D nutation spectra of 4
observed at 5K in a 2-methyltetrahydrofuran (2-MTHF)
glass. On the right, an electron spin-echo detected fine-
structure ESR spectrum is given.
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nutation peaks attributable to lower spin states (S > 1) were
observed, showing the septet state to be the ground state with
the excited low-spin states located above 300 cm�1.

Nutation peaks arising from by-products in a doublet state
were not detected, showing the remarkable chemical stability
of the tris(carbene) 4. Also, 4 was shown to be thermally stable
during the annealing process. A significant change in the ESR
signal shape was observed when the matrix temperature was
raised above 140K and kept for 15min. New fine-structure
signals were irreversible with temperature, and they were
characteristic of the small fine-structure constants. They were
also determined to originate from a septet ground state by
2D-ESTN spectroscopy. This is in a sharp contrast with that
observed for septet state 1,3,5-tris(phenylmethylene)benzene,
which has been shown to be persistent only up to 8529 and
50K12c in rigid glasses.

Encouraged by the finding, we prepared a high-order den-
dritic diazo compound. Methods for synthesis of phenylacety-
lene dendritic macromolecules have been developed.30 The
divergent method is hampered by the poor solubility of the
growing macromolecules,30,31 and it also requires rather harsh
conditions for the synthetic cycle to be completed. The conver-
gent method has several advantages over the divergent meth-
od. Above all, the synthetic cycle can be completed under very
mild conditions.30,31 This is especially important for construct-
ing a dendrimer carrying a chemically sensitive functional
group such as a diazo group.

(4-t-Butyl-2,6-dimethylphenyl)(2,4,6-tribromophenyl)diazo-
methane (5) was selected as a starting diazo precursor for the
following reasons. The alkyl groups, i.e., methyl and t-butyl
groups, on one side of phenyl ring in 5 are expected to both
protect the carbenic center and also improve solubility, which
will become a serious problem at a higher generation.

The treatment of 5 with trimethylsilylacetylene in the pres-
ence of palladium catalysts gave (4-t-butyl-2,6-dimethylphen-
yl)[2,6-dibromo-4-(trimethylsilylethynyl)phenyl]diazomethane.
Deprotection23 of the trimethylsilyl group in the diazomethane
gave (4-t-butyl-2,6-dimethylphenyl)(2,6-dibromo-4-ethynyl-
phenyl)diazomethane (6). Before converting 6 into the zero-
generation monodendron by reacting it with an appropriate
difunctional monomer, we coupled it with 1,3,5-triiodoben-
zene. The coupling reaction proceeded smoothly under mild
conditions to form 1,3,5-tris{2-[4-(�-diazo-4-t-butyl-2,6-di-
methylbenzyl)-3,5-dibromophenyl]ethynyl}benzene (7–3N2)
(Scheme 5).32

In order to obtain evidence concerning the spin states of the
photoproducts from 7–3N2, the magnetic susceptibility of the
photoproduct was measured. As noted previously, it is more
difficult to obtain unequivocal evidence of the spin states for
randomly oriented organic species from the conventional con-
tinuous-wave (CW) ESR spectroscopy as the spin states be-
come higher. Bulk magnetization (M), which is an average
(thermal) magnetic moment of the sample, can be determined.
Magnetometers based on superconducting quantum interfer-
ence devices (SQUIDs) have gained popularity because of
their sensitivity. M is typically measured as a function of tem-
perature (T) and applied static magnetic field (H). Static mag-
netic susceptibility � is calculated as � ¼ M=H.

Thus, the 2-MTHF solution of 7–3N2 (0.5mM) was placed

inside the sample compartment of the SQUID magnet/suscep-
tometer and irradiation at 5–10K with a light (� ¼ 488 nm)
from an argon ion laser through an optical fiber was per-
formed. The development of magnetization at 5K in a constant
field of 5 kOe with irradiation time for 7–3N2 was measured in
situ and is shown in Fig. 2A. As the irradiation time increased,
the M values gradually increased as well and reached a plateau
after several hours. The magnetization before and after irradi-
ation,Mb andMa, respectively, was measured at 2 and 5K in a
field range of 0–50 kOe. The paramagnetic contribution was
obtained by subtracting the corresponding values obtained
before and after irradiation (Fig. 2B). The effect of any para-
magnetic impurities can be cancelled by this treatment. The
plots of the magnetization (M ¼ Ma�Mb) versus the temper-
ature-normalized magnetic field (H=T) were analyzed in terms
of the Brillouin function as follows:1c,12,33

M ¼ Ma�Mb ¼ FNgJ�BBðxÞ; ð2Þ

where BðxÞ ¼ ½ð2J þ 1Þ=2J � cothf½ð2J þ 1Þ=2J �xg � ½1=
2J� cothðx=2JÞ and x ¼ Jg�BH=kBT . F is the photolysis factor
of diazo compounds, N is the number of molecules, J is the
quantum number for the total angular momentum, �B is
the Bohr magneton, g is the Landé g-factor, and kB is the
Boltzmann constant. Since these carbenes are made of light
elements, the orbital angular momentum should be negligible,
and J can be replaced with spin quantum number S.

The M=Ms versus H=T plots are shown in Fig. 3 together
with theoretical curves with S ¼ 2 and 3. The observed
data (M=Ms vs H=T) for the photoproduct of the tris(diazo)
compound (7–3N2) closely traced the theoretical curve with
S ¼ 3. The data were fitted with Eq. 2 with S ¼ 2:42 and
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F ¼ 1:05. The value is somewhat smaller than the theoretical-
ly predicted one, which is 3, but indicates that the three car-
bene centers interact ferromagnetically. Since the magnetiza-
tion data at two different temperatures were fitted to the same
Brillouin function, the sample is considered to be free from
ferro- or antiferromagnetic intermolecular interactions, and
the septet state is considered to be a ground state.

We then tried to prepare a zero monodendron by reacting
2 equivalents of 6 with a difunctional monomer. 3,5-Diiodo-
phenyl(trimethylsilyl)acetylene (8)34 was used for the conver-
gent synthesis. Scheme 6 illustrates the chemistry used in pre-
paring phenylacetylene dendrimers containing 6 (10–6N2) and
12 (12–12N2) diazo units by the convergent approach. The
synthesis started by preparing a series of monodendrons 9
and 11 using a repetitive process. Thus, coupling of the aro-
matic diiodide (8) with 2 equivalents of a terminal alkyne 6
carrying a persistent triplet carbene precursor resulted in the
formation of a zero-generation monodendron. The dendron
was then deprotected under basic conditions to give a terminal
alkyne 9 at the monodendron focal point. Two equivalents of 9
were then coupled with 8 followed by the deprotection to give
the first-generation (n ¼ 1) product 11 bearing four peripheral
diazo units.

Instead of continuing the repetitive process further, we cou-
pled the zero- and first-generation monodendrons (9 and 11,
respectively) to a core, i.e., 1,3,5-triiodobenzene. The coupling
took place very smoothly to afford phenylacetylene dendri-
mers having 6 (10–6N2) and 12 (12–12N2) diazo units.32

SQUID measurements were made for the photoproducts
from hexakis (10–6N2) and dodecakis(diazo) compounds
(12–12N2). The experimental data (M=Ms vs H=T) were fitted
best with Eq. 2 with S ¼ 1:62, F ¼ 2:85 for hexakis(diazo),
and S ¼ 1:62, F ¼ 3:35 for the dodecakis(diazo) compound
(Fig. 4). The values are disappointingly smaller than the theo-
retically predicted values, S ¼ 6 and 12 for 10 and 12, respec-
tively, even smaller than that of 7.

The apparent smaller values can be reasonably interpreted
in terms of the disjoint-non-disjoint concept based on the
MO theory.5,6 By applying this theory to our molecules, it
can be explained why 7 has a septet state as the Ovchinnikov
rule predicts, while 10 and 12 have lower spin states than pre-
dicted. In the case of the 7, the three carbene units are connect-
ed to a central benzene ring in a non-disjoint manner to afford
a high-spin ground state (Scheme 7). On the other hand, 10
consists of a dendritic structure, which has a bis(carbene) unit
on terminal of branches. The connectivity of two carbene units
within this bis(carbene) unit is non-disjoint and, hence, they
interact in a ferromagnetic fashion with the spin quantum
number S ¼ 2. However, the connectivity between three bis-
(carbene) units through the central benzene ring is disjoint
(Scheme 8). Consequently, each energy level of these disjoint
systems is nearly degenerate. Similarly, while the connectivity
of two carbene units within the bis(carbene) unit on the termi-
nal branches in 12 is disjoint to generate S ¼ 2 spin state, the
connectivity between six bis(carbene) units through the core
part is disjoint. Thus, there are no magnetic interactions be-
tween the bis(carbene) units through the core in 10 and 12.

On the other hand, large F values, 2.85 and 3.35, observed
for the photoproducts from 10–6N2 and 12–12N2, respectively,
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indicate that more than one unit of the S ¼ 1:62 spin states are
formed from one mole of the diazo compounds. In other
words, 10 is regarded as a species comprising of 2.85 units
of S ¼ 1:62 spin state, while 12 is a species having 3.35 units
of S ¼ 1:62 spin state. These are roughly in agreement with the
spin situation illustrated in Scheme 8.

However, the connectivity can be changed from disjoint to
non-disjoint by introducing a new spin system which disturb
NBMO coefficients in the original spin systems. In the hexakis
system, for instance, this is done by incorporating a new car-
bene unit between the bis(carbene) units and core benzene.
In order to prove this idea, we prepared a model pentakis(di-
azo) compound where two bis(diazo) units are connected by

an interior diazo group so as to make all five carbene units in-
teract in a ferromagnetic fashion (Scheme 9). The interior di-
azo compound used in this study was bis(4-iodo-2,6-dimethyl-
phenyl)diazomethane (14). Coupling of 14 with 2 equivalent
of a bis(diazo) compound 932 carrying two persistent triplet
carbene precursors resulted in the formation of a desired pen-
takis(diazo) compound (15–5N2)

35 under mild Sonogashira
coupling reaction conditions (Scheme 10).

To confirm whether the high-spin state is observed for 15
obtained by photolysis of 15–5N2, magnetic measurements us-
ing SQUID were carried out. The M=Ms versus H=T plot was
best fitted with Eq. 2 with S ¼ 4:4 (F ¼ 0:91) at 2.0K and S ¼
4:2 (F ¼ 0:96) at 5.0K. Although the S values are somewhat
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smaller than the theoretical value of 5, the results clearly indi-
cate that the five carbene centers interact ferromagnetically. In
other words, the connectivity is switched from disjoint to non-
disjoint by the new carbene unit between the bis(carbene) units
and core benzene.

This observation clearly demonstrates that the potential
problem in the dendrimer approach to generate high-spin poly-
carbenes is relatively easily solved out by changing the wrong
connectivity through a new carbene center in the appropriate
position. The results also indicate that this is due to the persis-

tent nature of our diazo compounds, which allows us to intro-
duce a diazo unit at a desired position.

1.2 Dendrimer by Connecting Diaryldiazomethanes
through Ethynyl Group on Anthracene Unit. The majority
of the high-spin systems that have been investigated focused
on meta-phenylene linkers, as in the prototypical m-phenylene-
bis(methylene).36 It is potentially possible to use a polynuclear
aromatic compound as a linker. For instance, radical centers
properly introduced on anthracene rings interact ferromagneti-
cally to generate a high-spin state.37,38 Those polynuclear aro-
matic compounds have an advantage over simple aromatic
rings in that they have more positions to accept spin sources.
The maximum number of available positions for ferromagnetic
coupling in naphthalene and anthracene are four and five, re-
spectively, while this number is three for benzene. Thus, a spin
state with a spin quantum number higher than three in one
molecule can be generated by using polynuclear aromatic
rings. However, almost no attempts have been made to intro-
duce triplet carbene units on a polynuclear aromatic system.
This is most probably because of the difficulty entailed in syn-
thesizing a proper precursor. We attempted to introduce two
diazo units into an anthracene unit and determine triplet car-
bene spin coupling through an anthracene unit.

The starting diazo compound was (4-bromo-2,6-dimethyl-
phenyl)(10-phenyl-9-anthryl)diazomethane (16), which can
generate a fairly persistent triplet carbene.17,39 Treatment of
16 with trimethylsilylacetylene in the presence of palladium
catalyst under mild conditions, followed by treatment with
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Fig. 4. Plot of magnetization (M) normalized by saturation
magnetization (Ms) vs temperature-normalized magnetic
field (H=T) obtained upon photolysis of (A) hexakis-
(diazo) compound 10–6N2 and (B) dodecakis(diazo) com-
pound 12–12N2 measured at 2.0 and 5.0K. Theoretical
curves with S ¼ 1, 2, and 3 are also indicated.
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NaOH gave (4-ethynyl-2,6-dimethylphenyl)(10-phenyl-9-anth-
ryl)diazomethane (17). A bis(diazo) compound (18–2N2)

40

was relatively easily prepared by coupling 2 equiv of 17 to
1,8-diiodoanthracene under mild Sonogashira coupling reac-
tion conditions (Scheme 11).

Photolysis of the bis(diazo) compound 18–2N2 in a 2-
MTHF solid solution was performed at 113K in an ESR cavity
with light from a high-pressure mercury lamp attached with a
cut filter (� > 350 nm). The ESR spectrum (Fig. 5) after pho-
tolysis was completely different from that observed by the
photolysis of the mono(diazo) compound 17 and showed a
set of structure lines at 181, 260, 299, 345, 376, and 398mT

with rather small signal spacing. Weak signals at 140, 238,
and 421mT are similar to those observed in the photolysis
of the mono(diazo) compound 17 and, hence, are attributable
to the triplet monocarbene presumably formed as a result of
the incomplete photolysis of the bis(diazo) compound. The
smaller signal spacing observed for the major spectrum, in
comparison to that for the triplet monocarbene, in consistent
with the tendency that, as the spin multiplicity became higher,
the D value became smaller.41 Indeed, the major signals are re-
producible by computer simulation1d,42 employing a quintet
Hamiltonian with S ¼ 2, g ¼ 2:003, D ¼ 0:047 cm�1, and E ¼
0:000 cm�1. We, therefore, assigned the signals to 18. To es-
timate the thermal stability of the signals, the temperature at
which the quintet signals disappear was measured. Thus, the
signals due to 18 started to disappear when the 2-MTHF glass
containing 18 was warmed to around 130K and disappeared
completely at around 160K. This is to be compared with that
observed for septet state 1,3,5-tris(phenylmethylene)benzene,
which has been shown to be persistent only up to 50K in rigid
glass.12c In other words, 18 is thermally stable. Note that the
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Fig. 5. (a) ESR spectra obtained by irradiation of bis(diazo)
compound 18–2N2 in 2-MTHF at 77K. (b) Simulated
spectra of quintet bis(carbene) 18 with S ¼ 2, g ¼ 2:003,
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ESR signals of triplet monocarbene from 17 also decayed at
around 160K. Thus, thermal stability is not affected by this
modification.

The observation shows another example in which a precur-
sor for persistent triplet carbene can be used as a building
block to construct a more complicated poly(diazo) compound
that eventually generated a high-spin polycarbene with re-
markably high thermal stability. It is potentially possible to in-
troduce five diazo units at maximum on an anthracene ring so
as to generate persistent pentakis(carbene) in the high-spin
ground state.

1.3 Dendrimer by Connecting Diaryldiazomethanes Di-
rectly on Phenyl Groups. We found that diaryldiazomethane
is stable enough to survive even the Suzuki coupling reac-
tion.43 This enables us to introduce the diazo unit onto a phenyl
ring directly without using the ethynyl group. In this case, we
used the diazo unit 19 having 10-(4-t-butyl-2,6-dimethylphen-
yl)anthryl and 4-bromo-2,6-dimethylphenyl groups, which can
generate a fairly persistent triplet carbene.17,44 In order to test
the stability of the diazomethane under Suzuki coupling condi-
tions, we first treated it with phenylboronic acid in the pres-
ence of Pd(OAc)2 as a catalyst with P(t-Bu)2(2-BP) (2-BP =
2-biphenylyl) as a ligand and KF as a base in tetrahydrofuran
(THF) at 40 �C. The usual workup gave the desired phenylated
compound (20–N2) with the diazo group intact (Scheme 12).
Coupling with benzene-1,3,5-triboronic acid did not work
under similar conditions. However, the 1,3,5-tris(diazo) com-
pound (22–3N2)

45 was obtained by using tetrabutylammonium
bromide and K3PO4, in place of the phosphine and base,
respectively, in N,N-dimethylformamide (DMF) at 40 �C
(Scheme 13).46 Appreciable decomposition of the diazo group
was not noted in all cases, at least under the conditions em-
ployed here.

Irradiation (� > 300 nm) of tris(diazo) compound (22–3N2)
in 2-MTHF at 77K gave ESR spectra (Fig. 6) that were com-
pletely different from those observed for the corresponding
monocarbene from 20. The spectra showed rather strong
signals centered around ca. 335mT. The major signals are re-
producible by computer simulation1d,41,42 employing a quintet
Hamiltonian with S ¼ 2, g ¼ 2:003, D ¼ 0:015 cm�1, and
E ¼ 0:001 cm�1. We, therefore, assign the signals to septet
tris(carbene) 22. The signals do not decay appreciably up to
140K, start to decompose at around 150K, and disappear irre-
versibly above 160K.

In order to confirm whether the high-spin states observed for

tris(carbene)s are in the ground state or not, magnetic measure-
ments were carried out. The observed data for photoproducts
of 22–3N2 were fitted with Eq. 2 with S ¼ 2:56 and F ¼ 0:55.
The value is close to the theoretical value of 3, indicating that
the three carbene centers interact ferromagnetically to produce
a septet ground state, as was expected. Because the magnetiza-
tion data at two different temperatures were fitted to the same
Brillouin function, the sample is considered to be free from
ferro- or antiferromagnetic intermolecular interactions, and
the septet state is considered to be a ground state. These obser-
vations unequivocally show that a persistent triplet diphenyl-
carbene unit incorporated into a �-network in a ferromagnetic
fashion indeed acts as a spin source to generate a high-spin
ground state.
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2. Polymer Approach

We found that diphenyldiazomethane, from which a per-
sistent triplet carbene can be generated, also survived under
Rh-complex-catalyzed polymerization,47,48 with the diazo
group intact to give poly(phenylacetylene)s bearing diazo
units.

(2,6-Dibromo-4-ethynylphenyl)(4-t-butyl-2,6-dimethylphen-
yl)diazomethane (6)32 was selected as a starting material to
survive the chemical manipulations required to prepare the
corresponding polymer. Treatment of 6 with [RhCl2(nbd)]
(nbd = norbornadiene) complex in the presence of triethyl-
amine as a cocatalyst in toluene for 1 day at room temperature
followed by quenching by MeOH and filtration gave a red
solid (Scheme 14).49 The solid was dissolved in CHCl3 and
purified by recycled gel-permeation chromatography to obtain
a main fraction. The average molecular weight of polymers
(23–nN2) was estimated to be approximately 86000 (190mer)
from GPC calibration using a polystyrene standard. IR spectra
of the polymer (23–nN2) showed a strong absorption band at
2100 cm�1 due to the C=N=N stretch of the diazo group,
whose intensity relative to the other bands was essentially
identical with that observed for the starting monomer 6. This
clearly indicates that the diazo group is not decayed during
the polymerization process.

A 2-MTHF solution of 23–nN2 was placed inside the sam-
ple compartment of a SQUID and irradiated at 5–10K with an
argon ion laser (� ¼ 488 nm). The observed magnetization da-
ta for photoproduct for 23–nN2 at two different temperatures
did not fit the same Brillouin function. Since the magnetization
is attenuated at lower temperatures, the presence of antiferro-
magnetic interaction among the unpaired spins is suggested.
When a sample concentration as low as 0.5mM is taken into
account, the observed antiferromagnetic interaction can be as-
signed to an intramolecular interaction rather than an inter-
molecular one. Therefore, the data at 5K where the antiferro-
magnetic interaction is weaker were analyzed in terms of the
Brillouin function. The data were fitted with Eq. 2 with S ¼
4:90 (F ¼ 0:35). Alternatively, the data were better analyzed
by a two-component Brillouin function9d with S ¼ 9:63 (F ¼
0:15) and S ¼ 1:94 (F ¼ 0:22) (Fig. 7). Significantly small F
values indicate either that the decomposition rate of the pre-

cursor diazo functional groups is incomplete or that there are
considerable intramolecular antiferromagnetic interactions be-
tween the carbene centers. Since the IR analysis of the spent
solution showed that most of the diazo groups disappeared,
the latter possibility is more likely.

The observations suggest that a persistent triplet diphenyl-
carbene unit incorporated into a �-network of the phenylace-
tylene polymer in a ferromagnetic fashion indeed acts as a spin
source to generate a high-spin ground state. However, the es-
timated spin multiplicities are not as high as that expected
from degree of polymerization. It should be noted that the con-
nectivity of carbene centers on the pendant phenyl group
through the polyene backbone is non-disjoint in the Borden/
Davidson sense,5 and hence, the spins are expected to interact
ferromagnetically. The poly(phenylacetylene)s bearing stable
radical groups have been shown to have a spin multiplicity
of 1/2, indicating that through-bond interaction was essentially
not observed.50 This is interpreted as indicating that the poly-
ene structures do not have a planar polyene backbone and also
that the dihedral angle between the backbone and the attached
phenyl ring is significantly twisted. A defect in the backbone
structure due to the nature of phenylacetylene polymerization
is also suggested.50c A similar explanation can be applied to
the unexpectedly low-spin multiplicities observed for polycar-
bene 23. In this respect, �-conjugated networks that retain co-
planarity are required. Poly(phenylenevinylidene)s are fully
conjugated polymers with high chain stiffness.8b,c,10c,d High-
spin polymer systems may be generated by using phenylene-
ethynylene as a backbone.

It is interesting to note here that the spin multiplicity of 23 is
significantly higher than that of a component spin unit, i.e.,
triplet carbene (S ¼ 1), rather than an almost complete lack
of magnetic interaction, as observed for the poly(phenylacety-
lene) bearing stable radical units. This is partly ascribable to
the higher spin density of the present system composed of trip-
let carbene units than that composed of doublet radical units
and demonstrates the usefulness of triplet carbene as the spin
source for constructing high-spin organic molecules.
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3. Hetero Spin Approach

The third approach is to utilize hetero spin systems compris-
ing of 2p spins of organic radicals and 3d spins of magnetic
metal ions.51,52 This strategy is based on the supramolecular
chemistry exhibited by pyridine– and polypyridine–metal
ions.53 For instance, magnetic interaction between radical cen-
ters and metal ions can be realized through a pyridine ligand
to generate a high-spin unit. Thus, bis(4-pyridyl)diazomethane
DPy(C=N2) forms a polymeric chain structure by ligation with
coordinatively unsaturated metal ions (M). The 3d spins on
metal ions in the chain [–DPy(C=N2)–M–]n do not interact
with each other, but once triplet bis(4-pyridyl)carbene DPy(C:)
is generated upon irradiation of the complex to form the car-
bene–metal ion complex [–DPy(C:)–M–]n, they start to inter-
act with each other through the 2p spins on the carbene center,
thereby generating a high-spin system comprising 2p and 3d
spins (Scheme 15).11,51

This suggests that if a pyridyl group is introduced on a
phenyl ring of a sterically congested diphenyldiazomethane,
which is a precursor for a persistent triplet carbene, a polymer-
ic diazo compound chain should be attainable after coordina-
tion with metal ions, which will eventually result in the gener-
ation of persistent high hetero spin system.

3.1 2:1 Copper Complexes of Diphenyldiazomethanes
Having a Pyridine Ligand with a Metal Ion. First of all,
it needs to be confirmed whether the 2p spins of triplet car-
bene, generated upon photolysis of the chain, can indeed inter-
act magnetically with the 3d spin of metal ions through the
pyridyl group located remote from the carbene center. If so,
the overall magnetic properties will also be affected by the po-
sition of the coordinating nitrogen in the pyridine ring. In order
to examine these issues, we have prepared diphenyldiazometh-
anes having pyridyl groups and have characterized the magnet-
ic properties of the photoproducts formed from these diazo
compounds.

Compound 1, which can generate a fairly persistent triplet
diphenylcarbene,54 was used. Before preparing the desired pre-
cursor, the spin densities of organic spin sources need to be
considered. The nonbonding molecular orbitals (NBMOs) of
the triplet carbene were studied using the simple Hückel mo-
lecular orbital method, in which the atoms having nonzero
NBMO coefficients have been starred. To a first approxima-
tion, the spin densities are assumed to be generated on the
atoms with such nonzero coefficients. Thus, ligand pyridyl
groups need to be introduced at the ortho and/or para posi-
tions, which have NBMO spin densities such that the interac-
tions of the spins are transmitted effectively to a ligand.5,6 We

decided to introduce pyridyl groups at the para position of 1
for synthetic reasons (Scheme 16).

The spin densities at the bridging groups are also important
factors to take into account. The nonbonding molecular orbi-
tals (NBMOs) of the isomeric carbenes 3- and 4-pyridylcar-
benes suggest that, while in the para isomer 4-pyridylcarbene,
nonzero NBMO coefficients are expected to be on the pyridyl
nitrogen, zero NBMO coefficients are expected on the pyridyl
nitrogen atom in the meta isomer 3-pyridylcarbene. This sug-
gests that the magnitude of the spin interactions in the complex
between 3-pyridylcarbene and metal ions is expected to be
small. The sign of the spin polarization of the �-electrons on
the nitrogen atom is also different between the two isomers
(see below).

These factors will affect the overall spin states if the 2p and
3d spins interact magnetically. In order to test this idea, we
prepared sterically congested diphenyldiazomethanes having
a 3- and 4-pyridyl groups (3- and 4-Py–24–N2, respectively)
as a ring substituent and characterized the magnetic properties
of the complex formed as a result of coordination to CuII ions
followed by irradiation. Coordination of the pyridyl ligand of
4-Py–324 to a CuII ion induces a ferromagnetic exchange inter-
action, due to a spin polarization mechanism and the interac-
tion arising from the orthogonal relationship of singly occu-
pied dx2�y2 orbitals on the CuII ion with the �-orbitals on the
nitrogen atom of the pyridine. On the other hand, the sign of
the polarization of the �-electrons on the nitrogen atom for
3-Py–324 may be opposite to that of 4-Py–324. Therefore, an
antiferromagnetic interaction should be induced between the
carbene center and the copper ion in this case.

The desired diazo compounds were prepared by using
Suzuki coupling reaction. Thus, the precursory carbamate
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was coupled with the pyridylboronate to give ethyl (4-t-butyl-
2,6-dimethylphenyl)[2,6-dibromo-4-(3- or 4-pyridyl)phenyl]-
methylcarbamate, which was converted to the corresponding
diazo compounds (3- and 4-Py–24–N2) by a routine method
(Scheme 16).55

A solution of 4-Py–24–N2 (13:6� 10�3 M) in 2-MTHF and
bis(hexafluoroacetylacetonato)copper(II) [Cu(hfac)2] (6:8�
10�3 M) in 2-MTHF were mixed at a 2:1 molar ratio at room
temperature, and the mixture was allowed to stand overnight.
The solution showed ESR signals at 260, 275, 291, 312, and
321mT, which are characteristic of the magnetic orbital
dx2�y2 in the CuII ion of [Cu(hfac)2]

56 before irradiation. After
irradiation (� > 350 nm) of the solution at 77K, broad signals
at around 331mT that were completely different from those
observed for the corresponding monocarbene (4-Py–24) ap-
peared at the expense of the signals due to the isolated CuII

ion in [Cu(hfac)2] (Fig. 8A). The original signals due to CuII

were recovered when the sample was warmed to room temper-
ature and recooled. The observation that no significant signals
due to isolated triplet carbene 4-Py–24 were observed suggests
that the pyridine moiety binds with [Cu(hfac)2] essentially in a
nearly quantitative manner under these cryogenic conditions.

To estimate the thermal stability of the signals, the sample
was warmed to a desired temperature. The new signals started
to disappear at 120K but were observable up to 130K. The
signals were replaced by those due to the CuII ion at around
140K.

After irradiation of 2:1 mixture of the meta isomer 3-Py–
24–N2 and [Cu(hfac)2] at 77K, rather sharp ESR signals due
to the 3-Py–24–Cu complex at 325–354mT appeared at the
expense of the signals due to the isolated CuII ion (Fig. 8B).
The shape of the signals is completely different from that
observed for the 4-Py–324-CuII complex. Upon warming the
matrix, the sharp signals started to decrease at around 120K
and were replaced by those due to the CuII ion at around
140K. Although the spectral changes upon irradiation of the
Py–24–N2–Cu complexes differed between the two isomers,

they were not clear enough to judge the difference in the mode
of magnetic interaction.

To obtain the spin quantum numbers of the Py–24–Cu
complex, magnetic measurements were carried out. The ex-
perimental data in this case were analyzed by best-fitting the
Brillouin function BðxÞ as given by Eq. 3:33

M ¼ Ma�Mb ¼ FðMcomp �MCuÞ
¼ FfNg�BSBðxÞ � Ng0�BBðx0Þ=2g; ð3Þ

where Mcomp and MCu are the magnetization due to the car-
bene–Cu complexes and the diazo–copper complexes, respec-
tively, x ¼ gS�BH=ðkBTÞ, x0 ¼ g0�BH=ð2kBTÞ, and the other
symbols have their usual meaning.

The observed data for the photoproducts of diazo–copper
complex (4-Py–24–N2–Cu) were fitted with Eq. 3 with S ¼
2:01 and F ¼ 0:82. The estimated S value was thus slightly
lower than the theoretical one for when two carbene centers
(S ¼ 2) interact with a copper(II) ion (S ¼ 1=2) ferromagneti-
cally (S ¼ 2:5). The lower S value is probably due to a carbene
defect arising from incomplete photolysis of the diazo com-
pounds or decomposition of carbenes. The overall results for
the field-dependence of M for the complex of [Cu(hfac)2] with
4-Py–24 suggest that the generated carbene centers interact
ferromagnetically with copper(II) ions, as was expected.

The magnetization data obtained after irradiation of the 2:1
3-Py–24–N2–copper complex, on the other hand, were analyz-
ed by a fitting curve with S ¼ 1:00 and F ¼ 0:60. Although
this value corresponds to the theoretical one for magnetically
isolated carbene 3-Py–24, it is notable that the saturation mag-
netization corresponds to only 29% of that expected for mag-
netically isolated carbene. Thus, the low S and Ms values can
be explained in terms of the antiferromagnetic interaction be-
tween the carbene centers and the copper ion in the complex.

These results demonstrate that a ferromagnetic interaction
is observed for the copper ion complex with the 4-pyridyl iso-
mer, while an antiferromagnetic interaction is observed in the
corresponding 3-pyridyl isomer. In other words, the 2p spins of
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Fig. 8. ESR spectra obtained by irradiation of (A) 4-Py–24–N2 and [Cu(hfac)2] in 2-MTHF mixed in a 2:1 molar ratio and (B)
3-Py–24–N2 and [Cu(hfac)2] in 2-MTHF mixed in a 2:1 molar ratio: (a, b) ESR spectra before (a) and after (b) irradiation
(� > 350 nm) at 77K; (c–e) ESR spectra observed at 77K after warming the matrix to (c) 120, (d) 130, and (e) 140K.
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the triplet carbene indeed interact magnetically with the 3d
spin of metal ions through the pyridyl group located remote
from the carbene center.

3.2 Copper Complexes of Diphenyldiazomethanes Hav-
ing Two Pyridine Ligands. The next step is to apply this
method to prepare a longer chain by introducing two pyridyl
units on diaryldiazomethanes and to confirm whether actually
high-spin and persistent polycarbene can be generated by pho-
tolysis of the complex. We prepared diphenyldiazomethanes
having two pyridyl groups and characterized magnetic proper-
ties of the photoproducts from their complex with metal ions.

Diphenyldiazomethanes (DPy–25–N2) having two pyridyl
groups, i.e., bis[2,6-dimethyl-4-(4-pyridyl)phenyl]diazometh-
ane (4,40-DPy–25–N2) and [2-bromo-4,6-di(4-pyridyl)phenyl]-
(4-t-butyl-2,6-dimethylphenyl)diazomethane (2,4-DPy–25–N2),
were prepared by a routine method (Schemes 17 and 18).57

Both diazo compounds are expected to form a chain as a re-
sult of complexation with metal ions (to form –DPy–25–N2–
M–), and the chain is expected, upon irradiation, to generate
a polycarbene chain (–DPy–25–M–) in which the spins on
the chain start to interact ferromagnetically. However, there
is a potential difference between the two in the connectivity
of the ferromagnetic coupling unit with respect to carbene cen-

ters (Scheme 19). In the –4,40-DPy–25–M– chain, for instance,
carbene centers are involved in coupling units in the chain
(Class 1 in Scheme 19), while in the –2,4-DPy–25–M– chain,
carbenes are attached as pendants to a coupling unit of the
chain (Class 2 in Scheme 19). It has been pointed out that,
in the linear connectivity (Class 1), there is a fundamental
problem associated with the presence of only one exchange
pathway (through the �-system) between any two remote
radical or carbene sites.9b Therefore, a failure to generate a car-
bene in the interior of the chain may interrupt the exchange
pathway. One way to avoid this problem is to introduce a
carbene unit as a pendant to a coupling unit of polymer back-
bone (Class 2). In other words, failure to generate a carbene (a
chemical defect) in the interior of a polycarbene chain may
interrupt the exchange pathway in the former, while this chem-
ical defect may be circumvented in the latter.58,59

A solution of 4,40-DPy–25–N2 and [Cu(hfac)2] mixed in a
1:1 molar ratio (3:3� 10�3 M) in 2-MTHF was allowed to
stand overnight and was used without purification. The solu-
tion showed ESR signals due to CuII ion56 in [Cu(hfac)2] at
77K before irradiation (Fig. 9Aa). When the solution was irra-
diated at 77K, rather strong and broad signals gradually ap-
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peared at 312 and 324mT at the expense of the signals due to
isolated CuII ion in [Cu(hfac)2] unit and replaced the signal
due to CuII ion after 80min irradiation (Figs. 9Ab and 9Ac).
No significant signals due to isolated triplet carbene 4,40-
DPy–325 were observed, suggesting that the pyridine moiety
binds with [Cu(hfac)2] essentially in quantitative manner un-
der cryogenic conditions.51a,52 In order to estimate the thermal
stability of the signals, the sample was warmed to a certain
temperature, allowed to stand at this temperature for 5min
and recooled to 77K to measure ESR signals. The new signals
started to disappear at 130K but were observable up to 150K.
The signals were replaced by those due to CuII ion at around
170K (Figs. 9Bd–9Bf).

Irradiation of 1:1 complex of 2,4-Dpy–25–N2 and [Cu-
(hfac)2] (2:4� 10�3 M) gave somewhat different results. The
spectrum of the solution before irradiation showed only broad
ESR signals at 310mT without showing characteristic of CuII

ion of [Cu(hfac)2] (Fig. 10Aa). This is most probably because
3d spins on CuII ions in the complex can already interact each
other through pyridyl aromatic �-networks since they are in-
volved in the ferromagnetic chains. Upon irradiation, the sig-
nals started to decrease with concomitant shift of the signal
maximum until it reached a plateau at 330mT after irradiation
for 0.5 h (Figs. 10Ab and 10Ac). Again, the fact that no signif-
icant signals due to isolated triplet carbene 2,4-DPy–325
were observed suggested that the pyridine moiety binds to

(A) (B)

200 300 400 450
Magnetic Field / mT

200 300 400 450
Magnetic Field / mT

(a) before
(b) irr. 10 min
(c) irr. 80 min

(d) irr. 80 min
(e) 130 K
(f) 170 K

312 312

307 307

320
324 320 324

Fig. 9. ESR spectra obtained by irradiation of 4,40-DPy–25–N2 and [Cu(hfac)2] in 2-MTHF mixed in a 1:1 molar ratio. (A) (a–c)
ESR spectrum before (a) and after irradiation (� > 350 nm) at 77K for 10 (b) and 80min (c). (B) (e and f) ESR spectra observed
at 77K in 2-MTHF after warming the matrix to (e) 130 and (f) 170K.

(A) (B)

200 300 400 450
Magnetic Field / mT

200 300 400 450
Magnetic Field / mT

(a) before
(b) irr. 10 min
(c) irr. 30 min

(d) irr. 30 min
(e) 100 K
(f) 120 K

320 320

331 331

310310

311 311

Fig. 10. ESR spectra obtained by irradiation of 2,4-DPy–25–N2 and [Cu(hfac)2] in 2-MTHF mixed in a 1:1 molar ratio. (A) (a–c)
ESR spectrum before (a) and after irradiation (� > 350 nm) for 10 (b) and 30min (c) at 77K. (B) (e and f) ESR spectra observed
at 77K in 2-MTHF after warming the matrix to (e) 100 and (f) 120K.
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[Cu(hfac)2] in nearly quantitative manner under cryogenic
conditions. Upon warming the matrix containing the sample,
the new signals gradually disappeared and the original signals
before irradiation recovered at 120K (Figs. 10Bd–10Bf). It is
to be noted here that the signals of bis(4-pyridyl)carbene–
[Cu(hfac)2] disappeared irreversibly at temperature higher than
60K,52d meaning DPy–25–Cu complex has remarkable ther-
mal stability.

To determine the spin quantum numbers of the polycarbene
bridged by copper ions, the magnetic properties were studied.
A 2-MTHF solution of 4,40-DPy–25–N2–copper (1:1) complex
was irradiated at 5–10K with a light (� ¼ 488 nm) with an Ar
ion laser. The field dependence of magnetization generated
by irradiation for the complex was analyzed in terms of the
Brillouin function. The experimental data in this case were
analyzed by best-fitting the Brillouin function BðxÞ as given
by Eq. 4.1c,33,52 The observed data were fitted with Eq. 4 to
give spin quantum number S ¼ 6:80 and F ¼ 0:60 at 2.0K.
The values were found to be somewhat temperature dependent,
S=F being 6.43/0.58 and 5.90/0.46 at 3.0 and 5.0K, respec-
tively. The value of �molT increased with decreasing temper-
ature from 70 to 4K. This indicates that J=k is small but posi-
tive, suggesting the presence of intramolecular ferromagnetic
interaction.

M ¼ Ma�Mb ¼ Mcomp �MCu

¼ Ng�BfSBðxÞ � Bðx0Þ=2g: ð4Þ

The experimental data (M vs H=T) for 2,4-DPy–25–N2–cop-
per complex after irradiation were analyzed in terms of
Eq. 4 with fitting curve with S ¼ 3:71 and F ¼ 0:73. The val-
ues were again found to be somewhat temperature dependent,
S=F being 3.31/0.72 and 2.85/0.72 at 3.0 and 5.0K, respec-
tively.

These results demonstrate that a high-spin species is actual-
ly generated as the photoproduct of a copper ion complex with
sterically congested diaryldiazomethanes having a 4-pyridyl
group as a result of ferromagnetic interaction between 3d spin
of metal ions and 2p spins of triplet carbene through the pyri-
dyl group located remote from the carbene center. The com-
plexed carbene showed significant stability surviving up to
120–150K in 2-MTHF, while analogous copper ion complexes
with unprotected pyridylcarbene ligands decay at temperature
higher than 60K.52d The observations suggest that it is poten-
tially possible to prepare a persistent high-spin polycarbene by
extending this method.

3.3 Copper Complexes of Dianthryldiazomethanes Hav-
ing Two Pyridine Ligands. We then chose bis[10-(4-t-butyl-
2,6-dimethylphenyl)-9-anthryl]carbene (26) as a triplet car-
bene unit to construct a high hetero-spin system since this car-
bene has the longest lifetime (over 10 days) in solution at room
temperature.17b Thus, we needed to introduce pyridyl groups
onto the precursor of 26, that is, bis[10-(2,6-dimethyl-4-t-
butylphenyl)-9-anthryl]diazomethane 26–N2. Before preparing
the desired precursor, the spin densities of organic spin sources
and connecting ligands need to be considered. A pyridyl group
ligand needs to be introduced on a carbon which has non-bond-
ing molecular orbital (NBMO) spin densities.5,6 The �-spin
density distribution of triplet anthrylcarbene calculated using
PM3 show that the largest spin density is at position 10. How-

ever, it is likely that aryl groups at this position are not in the
same plane as the anthryl group, due to repulsion by peri hy-
drogens. Positions 2 (and 7) and 4 (and 5) have also signifi-
cantly high spin densities, but from a synthetic standpoint, po-
sition 2 (and 7) is more realistic.

Based on the above considerations, we decided to prepare
two dianthryldiazomethanes having two pyridyl groups ei-
ther at the 2,20- or the 2,7-positions, i.e., bis[10-(4-t-butyl-2,6-
dimethylphenyl)-2-(4-pyridyl)-9-anthryl]diazomethane (2,20-
DPy–26–N2) and [(10-(4-t-butyl-2,6-dimethylphenyl)-9-anth-
ryl)[(10-(4-t-butyl-2,6-dimethylphenyl)-2,7-di(4-pyridyl)-9-
anthryl)diazomethane (2,7-DPy–26–N2). In the –2,20-DPy–26–
M– chain, for instance, carbene centers are involved in coupling
units in the chain (Class 1 in Scheme 19), while in the –2,7-
DPy–26–M– chain, carbenes are attached as pendants to a cou-
pling unit of the chain (Class 2 in Scheme 19).60

Suzuki coupling reaction of the precursory carbamate took
place smoothly to give ethyl bis[10-(4-t-butyl-2,6-dimethyl-
phenyl)-2-(4-pyridyl)-9-anthryl]methylcarbamate, which was
converted to the corresponding diazomethane (2,20-DPy–26–
N2) by a routine method (Scheme 20).

Diazomethane 2,7-DPy–26–N2 was prepared by the cou-
pling reaction of the corresponding iodinated diazo compound
with 4-pyridylboronate (Scheme 21).

ESR spectra on the photoproducts from the reaction of DPy–
26–N2 (11:6� 10�3 M) in 2-MTHF and [Cu(hfac)2] (11:6�
10�3 M) in 2-MTHF showed essentially identical spectral fea-
tures as those observed for the corresponding phenyl analogues.
Thus, a 1:1 molar ratio mixture of 2,20-DPy–26–N2 and
[Cu(hfac)2] showed ESR signals due to the magnetic orbital
dx2�y2 of the Cu

II ion56 of [Cu(hfac)2] before irradiation. When
the solution was irradiated (� > 350 nm) at 77K, the signals
due to the isolated CuII ion in the [Cu(hfac)2] unit started to de-
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crease, and rather broad signals gradually appeared at 340mT,
with a sharp one at 314mT at the expense of the CuII signals,
suggesting that the generated carbene centers interacted mag-
netically with the CuII ion to form a high-spin species.51a,52

Similar irradiation of the 1:1 complex of 2,7-DPy–26–N2

and [Cu(hfac)2] gave somewhat different results. Before irradi-
ation, the solution showed only broad ESR signals at 309 and
319mT, without showing the characteristic signal of the CuII

ion of [Cu(hfac)2]. Upon irradiation, the signal at 309mT start-
ed to increase with a concomitant shift of the signal maximum
until the maximum stopped growing at 315mT. However, after
an initial decrease in the signal at 319mT, but it increased with
a concomitant shift of the signal, until it reach a maximum at
325mT, after irradiation for 1 h. Upon warming the matrix
containing the sample, the new signals gradually decreased,
and the original signals reappeared at 300K.

To determine the spin quantum numbers of the polycarbene
bridged by copper ions, the magnetic properties were studied.
The experimental data were fitted to the theoretical Eq. 4 to
give spin quantum number S ¼ 2:44� 0:04 and F (generation
factor for carbene obtained from saturated magnetization) =
0.82 (dotted line in Fig. 11). Alternatively, the data were better
analyzed by a two-component Brillouin function with S ¼
3:18� 0:07 (F ¼ 0:66) and S ¼ 0:02� 0:002 (F ¼ 0:23) (sol-
id curve in Fig. 11). This may mean that defects due to incom-
plete photolysis produce mixtures of the spin systems in the
chains. Since the magnetization data at two different tempera-
tures were fitted to the same Brillouin function, the sample is
considered to be free from ferro- or antiferromagnetic intermo-
lecular interactions, and the high-spin state is considered to be
a ground state.

The temperature dependence of the molar paramagnetic
susceptibility before and after irradiation, (�molb and �mola,
respectively) in the range of 2–70K was measured at a con-
stant field of 5 kOe. �mol ð¼�mola � �molbÞT versus T plots
are shown in Fig. 12. The value of �molT increased with a
decreasing temperature from 70 to 4K. This indicates that
J=k is small but positive, suggesting the presence of intramo-

lecular ferromagnetic interaction.
The data obtained for photoproducts from similar irradiation

of the 2-MTHF solution of the 1:1 2,20-DPy–26–N2–copper
complex (1.0mM) were also analyzed by the Brillouin func-
tion. The experimental data (M vs H=T) for the 2,20-DPy–
26–N2–copper complex after irradiation were analyzed in
terms of Eq. 4 with the fitted curve giving S ¼ 2:12� 0:03
and F ¼ 0:41. Alternatively, the data were better analyzed
by the two-component Brillouin function which produced S ¼
2:70� 0:13 (F ¼ 0:33) and S ¼ 0:49� 0:24 (F ¼ 0:11). �mol

ð¼�mola � �molbÞT versus T plots showed that the value of
�molT increased with decreasing temperature from 70 to 4K,
again suggesting the presence of intramolecular ferromagnetic
interaction.

It should be noted that the S and F values observed for the
photoproduct of the 1:1 2,20-DPy–26–N2–copper complex are
notably smaller than those for that of the 1:1 2,7-DPy–26–N2–
copper complex. Incomplete photolysis of diazo groups is
often pointed out as a reason for rather small S and F values.
However, almost complete photolysis of the sample was con-
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firmed, by taking the difference in absorption at 2040 cm�1

due to the diazo moieties before and after SQUID measure-
ments. It may be that there is a defect in the ligation of pyri-
dine groups in the 2,20-DPy–26–N2–copper complex. This is
in accord with the observation that in the ESR experiments
on the photoproduct of the 2,20-DPy–26–N2–copper complex,
the signals due to free copper ions did not disappear complete-
ly. If there are partially uncoordinated copper ions in the com-
plex, the magnetic contribution of the uncoordinated copper
ions will be deleted in the equation Mcomp �MCu, and this will
result in small S and F values.

The results again demonstrate that high-spin species are
generated as the photoproduct of a copper ion complex with
sterically congested diaryldiazomethanes having a 4-pyridyl
group, as a result of ferromagnetic interaction between the
3d spin of metal ions and the 2p spins of triplet carbene
through the pyridyl group located remote from the carbene
center. The complexed carbene showed remarkable stability,
surviving up to 300K in 2-MTHF.

Conclusion

We have found that diazomethanes that are precursors for
stable triplet carbenes are also stable. This suggested that we
would be able to construct a more complicated poly(diazo)
compound by using diazomethane derivatives as a building
block and that persistent high-spin polycarbenes would be ob-
tained by irradiation of the poly(diazo) compounds. We have
used three approaches to prepare poly(diazo) compounds.

The dendrimer approach has a potential problem in terms of
the connectivity of spin units through �-networks, but this is
solved by improving the wrong connectivity through a new
carbene center introduced at the appropriate position. This
approach also allows us to use a polynuclear aromatic com-
pounds, such as anthracene as a linker, which have an advant-
age over simple aromatic rings in that they have more posi-
tions to accept spin sources. This is realized by the persistent
nature of our diazo compounds, which allows us to introduce
a diazo unit at a desired position on the anthracene.

Our diazomethanes are shown to survive polymerization
conditions to give poly(phenylacetylene)s having pendant di-
azo functional groups intact. The estimated spin multiplicities
of the photoproducts from the polymer are not as high as ex-
pected, based on the degree of polymerization, probably due
to the lack of the co-planarity of �-networks. This problem
can be solved by introducing triplet carbene units in fully con-
jugated polymers with high chain stiffness. Nevertheless, the
spin multiplicity is significantly higher than that of a compo-
nent spin unit, i.e., triplet carbene (S ¼ 1), which is to be com-
pared with an almost complete lack of magnetic interaction ob-
served for the poly(phenylacetylene) bearing stable radical
units. This is partly ascribable to the higher spin density of
the present system composed of triplet carbene units than that
composed of doublet radical units and demonstrates the useful-
ness of a triplet carbene as the spin source for constructing
high-spin organic molecules.

The hetero-spin approach is also shown to be equally prom-
ising since high-spin species are generated in the photoproduct
of a copper ion complex with sterically congested diaryldiazo-
methanes having a 4-pyridyl group, as a result of ferromagnet-

ic interaction between the 3d spin of metal ions and the 2p
spins of triplet carbene through the pyridyl group located re-
mote from the carbene center. The spin quantum number ob-
tained by Brillouin function analysis of the field dependence
of magnetization is not very high. Delocalization of spin is
an important factor. It has been shown that spin coupling is
weaker for �-conjugated bis(aminoxyl)s than their carbon
counterparts because spin density is localized on the aminoxyl
moiety in �-conjugated aminoxyls. Significantly small D val-
ues observed for dianthrylcarbenes suggest that the unpaired
electrons are extensively delocalized into two anthryl rings.
Although the spin density builds up at the 2 (and 20) and 7
(and 70) positions, where ligands are connected, the spins are
significantly dispersed in the ring carbons and hence the net
spin densities on 2 (and 20) and 7 (and 70) carbon atoms in trip-
let dianthrylcarbenes are actually not large. Then, the density
is further diminished in the conduit of the pyridine ring until
the spins are transmitted onto the pyridine nitrogen atoms,
due to partial localization on the ortho carbon atoms and pos-
sible twisting of the pyridyl rings from the plane of the anthryl
ring. These factors can explain the rather small S observed for
the present system compared to that of the 1:1 complex be-
tween bis(4-pyridyl)carbene and copper ions.52 In this respect,
sterically congested bis(4-pyridyl)carbene or triplet bis(9-acri-
dyl)carbene is a more promising candidate for realizing persis-
tent high-spin species consisting of 2p spins of carbene and 3d
spins of metal ions.

An advantage of the present approach is its easiness to in-
crease the dimension of the spin network. Koga and co-work-
ers have increased the dimension of the spin networks from
one- to two- and three-dimensional structures by using highly
branched ligand containing diazo units. For instance, a high-
spin carbene–copper ion complex with an S value higher than
1000 was obtained by photolysis of 3:2 complex of [Cu(hfac)2]
and 1,3,5-tris[diazo(4-pyridyl)methyl]benzene.52b

Attempts to prepare a stable high-spin organic species have
mainly involved the use of a thermodynamically stable radical,
such as triarylmethyl and aminoxyl radicals. For instance,
Rajca and co-workers have constructed stable high-spin organ-
ic species comprising of triarylmethyls and realized a very
high-spin species with values of S � 5000.9b Iwamura and
co-workers have used �-conjugated oligo(aminoxyl) radicals
as bridging ligands and coordinatively unsaturated paramag-
netic 3d transition-metal ions as connectors to construct two
and three-dimensional networks in which both the organic
2p and metallic 3d spins have been ordered in macroscopic
scales.10d

Then, one may ask why one needs to use a persistent triplet
carbene as a unit to construct persistent high-spin species. We
should emphasize here that the effectiveness of spin source to
construct high-spin species should be compared to a system in
which a spin unit is incorporated into essentially the same �-
networks. It should be noted here that poly(phenylacetylene)s
having persistent triplet diarylcarbene units are found to have
S ¼ 9 spin states,49 while similar acetylenes having thermody-
namically stabilized radicals have been shown to have a spin
multiplicity of only 1/2.50

Very high-spin organic species comprising of triarylmethyls
is achieved by connecting S ¼ 3 calix[4]arene macrocycles
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with S ¼ 1=2 bis(biphenylyl)methyl groups, in which out-of-
plane twisting, reverting the sign of exchange coupling from
ferromagnetic to anti-ferromagnetic, and chemical defects in
the interior that interrupt the exchange pathway, have been
eliminated, and ferri-magnetic coupling, that is, antiferromag-
netic coupling of unequal spins leading to a large net spin mag-
netic moment, occurs.9 It may be possible to use persistent
triplet carbenes by taking advantage of the stability of our di-
azo compounds.
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