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Understanding the energetic cost of twisting and other
distortions of x-bonds is fundamentally interesting and provides
important insight into double bond stereoisomerization processes.
Compounds with highly distorted double bonds are potentially
the most important sources of these thermochemical data.!
Photoacoustic calorimetry (PAC)?2is uniquely capable of directly
measuring the enthalpy changes for the photochemical reactions
of such compounds.23 Wereport herein theuseof PACtoachieve
the first experimental measurement of AH; of a transient
bridgehead imine, 4-azahomoadamant-3-ene (1), produced by
photolysis of 1-azidoadamantane (2).
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The PAC experiment is conceptually quite simple. A low-
energy laser pulse is used to initiate the reaction of interest. The
ensuing heat release causes an expansion of theirradiated volume.
This generates a pressure pulse that is detected by a piezoelectric
transducer. In general, one observes the lump-sum heat release
for all processes that occur much faster than the transducer
frequency (<ca. 1 ns for a 1-MHz transducer) and can obtain
both energetic and kinetic information for processes that occur
on the 10-ns to 10-us time scale.?

It is important to appreciate that in addition to the thermal
expansion (AVy), the intrinsic volume change of the system
(AVpem) also contributes to the PAC signal.2 Inorganic solvents
the former usually dominates, but the latter can be significant.

These components can be separated by studying the dependence
of the PAC signal on the thermal expansivity of the solution,
X, since AV = EyX,, where Eypis the amount of heat released.
If the chemistry of interest is rapid on the transducer time scale,
one can simply compare the signal amplitude to that of a
calorimetric reference that rapidly returns all of the absorbed
light energy, Ej,, as heat. Theratio, f, of these signal amplitudes
is given by*
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f= (Eth/Ehv) + (AVchem/Eths) (1)

Thus, by plotting f vs 1 /X;,one canobtain Eyand AV pem, provided
that these remain constant for the series of solvents used.

If nonradiative decay is the only mechanism that competes
with the reaction of interest,

A}Irxn = (Ehy - Eth)/¢ (2)
and
Aern = AVchem/Q (3)

where @ is the reaction quantum yield.

The conversion of 2 to 1 is ideally suited to study by PAC. In
general, direct photolysis of alkyl azides produces imines cleanly$’
and efficiently.? A variety of strained bridgehead imines have
been generated by photolysis of bridgehead azides.!s7.910 [n
particular, 1 has been generated from 2 and observed by matrix-
isolation vibrational and electronic spectroscopy.1112 Atambient
temperature in solution, the imine can be trapped with alcohols
or other reagents; in the absence of traps, it dimerizes quanti-
tatively in a formal [2 + 2] head-to-tail fashion.!3

Our experimental setup is similar to those previously
described.2»4 A solution of 1-adamantyl azide!$ in an alkane
solvent was irradiated with a 500-ps, 295-nm, 8-uJ laser pulse
and the acoustic signal detected with a 0.3- or 2.25-MHz
transducer. The normalized signal amplitudes were independent
of azide concentration, (0.01-0.04 M) and light intensity (1-8
uJ). The signal frequency was identical to that of the reference
compound, o-hydroxybenzophenone, which is known to relax
nonradiatively in <1 ns.2 Thus no heat deposition is occurring
on a time scale of about 10 ns to 50 us. This is consistent with
our expectation that the imine would be formed rapidly and be
stable on the time scale of the PAC experiment.

There is good evidence that alkyl group migration is concerted
with nitrogen loss in acyclic alkyl azides,® although the inter-
mediacy of a singlet nitrene cannot be ruled out, at least in the
bridgehead systems.!2.7 If such a species is involved, our PAC
results require that it rearrange to the imine within ca. 1 ns.
Moreover, that the imine is stable on our time scale is also
reasonable. We estimate [1] < 10-6 M, so dimerization occurs
too slowly to be detected.

To evaluate the accuracy of our measurement of AH;of imine
1, we also studied two acyclic tertiary azides, Et;C-Nj; (3) and
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Figure 1. Plot of f versus 1/X, (kcal/mL) for photolysis of 1-azidoad-
amantane. The solvents used were n-alkanes pentane through decane,
dodecane, and hexadecane. Slope = 0.122 £ 0.018 mL /kcal; intercept
= 1.225 & 0.006.

Table I¢
azide AVepenm® Ewe &4 AVira? AH xf

2 118+18 1188+06 096°£0.06 123£20 -22.7%1.6
3 17.2+£1.8 1499+£06 094+£008 183£24 -563%438
4 125+£22 149.7£08 0.99£008 12624 -53.2+44

@ Error limits are 20.%In mL/mol. ¢In kcal/mol. ¢ In pentane.
Average of 2-4 measurements. ¢ Solvent: 5% ethanol in pentane.!’

PhC(Me,)-Nj (4),' that form unstrained imines whose heats of
formation can be calculated with reasonable accuracy.

In order to determine AH; for the imines, three pieces of
information are required: E, ®, and AH; of the azides. The
ratios of the azide and reference signal amplitudes, f, were
measured in a series of alkane solvents having known X, values.16
In Figure 1, the f values for adamantyl azide, 2, are plotted vs
1/X, according to eq 1. The slope and intercept and the photon
energy (Ep,) of 97.0 kcal/mol give E, = 118.8 kcal/mol and
AVihem = 11.8 mL/mol. The results for all the azides are
summarized in Table I.

The quantum yields for the azide-to-imine conversions, $, were
measured in pentane (Table I).!¥ We were unable to detect
fluorescence from any of the azides. Thus, assuming that 1 — &
corresponds to nonradiative decay, eqs 2 and 3 give AH and AV
for the reactions (Table I).

To calculate AH;of the imines, AH;of the azides are required.
Unfortunately, the existing literature values are sparse and
unreliable.2 We therefore obtained these values by measuring
the Pd/C-catalyzed heats of hydrogenation.?!-22 This reaction
cleanly produces the amine and N;. Table IT lists AH}yqrog Of the
azides, AH; of the amines, and AH; of the azides. Heats of
formation of the imines derived from the PAC AH,,, and AH~-
(azide) are also included in Table II.
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Table 116

AH(imine)
azide  AHhyrg AHp(amine)* AH(azide) expt caler

2 -803+16 -28.79-29.0¢° 51.6+£26 28930 -50
3 -80.6+£20 -40.0 406 £2.8 -157£4.8 -15.1
4 -823x14 59,4.2° 87.4+£24 342£50 29.0¢

¢ Inkcal/mol. # Error limits are 2¢. ¢ Via Benson’s group increments??
unless stated otherwise. ¢ From AH;°(adamantane)?* and group incre-
ments. ¢ From MM3.25 f Strain—free value. # Weighted average of
PhC(CH3)=NCHj; and (CH3);C=NPh formed in a 2.2:1 ratio.2¢

The PAC AH; value for Et;C=NEt (from 3) is in excellent
agreement with that calculated by Benson’s group increments, 23
The agreement is acceptable for the imine mixture from azide
4, given the uncertainty in the calculated value.2’ In addition,
the reaction volumes of 12-18 mL/mol are reasonable for these
systems, although there is a limited amount of data available for
comparison,#b.28

Thestrain energy of 1,defined as thedifference in the measured
heat of formation, 28.9 kcal/mol, and the strain-free valuederived
from group increments (Table II) is 33.9 kcal/mol. Maier and
Schleyer have pointed out that the strain associated with the
twisted double bond is a useful gauge of reactivity in bridgehead
alkenes.?? They define “olefin strain” as the difference in the
strain energies of an olefin and the corresponding alkane.2?
Similarly, using the MM325 strain energy of 4-azahomoada-
mantane (dihydro-1), 18.3 kcal/mol, as an approximation of the
ring strain, we calculate an “imine strain” of 15.6 kcal/mol for
1.

Whether the interaction between the N lone pair and the C
sp* orbital®!1stabilizes 1 relative to the corresponding bridgehead
alkene is unclear, since experimental data for the latter are
currently unavailable. Our measured AH; for 1 does provide an
important calibration point for molecular mechanics calculations
and other computational methods intended to quantitatively model
rotational isomerizations of double bonds.

To better quantify the energetics of twisting the C—N double
bond, we are currently extending this study to a series of bicyclic
azides that give imines with varying amounts of strain.
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